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Electromechanical coupling in electroactive polymers (EAPs) has been widely
applied for actuation and is also being increasingly investigated for sensing
chemical and mechanical stimuli. EAPs are a unique class of materials, with
low-moduli high-strain capabilities and the ability to conform to surfaces
of different shapes. These features make them attractive for applications
such as wearable sensors and interfacing with soft tissues. Here, we review
the major types of EAPs and their sensing mechanisms. These are divided
into two classes depending on the main type of charge carrier: ionic EAPs
(such as conducting polymers and ionic polymer–metal composites) and
electronic EAPs (such as dielectric elastomers, liquid-crystal polymers and
piezoelectric polymers). This review is intended to serve as an introduction to
the mechanisms of these materials and as a first step in material selection for
both researchers and designers of flexible/bendable devices, biocompatible
sensors or even robotic tactile sensing units.
1. Introduction
Electroactive polymers (EAPs) are polymers that undergo shape and/or dimen-
sional change in response to an applied electrical field [1,2]. EAPs are a subset
of electroresponsive polymers (ERPs), which exhibit electrically coupled
responses in general [3]. The earliest study on EAPs was performed by Roentgen
[4] and Sacerdote [5], who were working on the deformation of a dielectric poly-
mer induced by an electric field. EAPs are attractive to people working on
electrically driven soft actuators [1,2], as some EAPs such as dielectric elastomers
[6,7] can handle much larger strains than their equivalent conventional actuator
materials, such as piezoelectric ceramics. EAP artificial muscles are strongly com-
parable to biologicalmuscle due to their response to electrical stimulation, though
their operationmechanism is significantly different [1,8]. Besides actuators, EAPs
have revealed their potential in other applications [1,2,8–11] such as sensors,
electronic components and energy generators. EAPs are suitable for sensory
applications ranging from haptic sensing [10] to blood pressure and pulse rate
monitoring [12] and even chemical sensing [13]. This is due to numerous favour-
able properties: facile fabrication, high mechanical flexibility, customizable
electromechanical coupling properties and tailorable geometries [1,2,8–11].
Furthermore, coupling EAPs into micro-electro-mechanical systems (MEMS)
has been discussed by both the EAP [14] and MEMS [15] communities.
EAPs can generally be classified into two categories: ionic EAPs and electronic
EAPs [1]. The electrical activation of ionic EAPs [1] is due to the migration of ions
or molecules (solvents). Some examples of ionic EAPs are conducting polymers
(CPs) [16,17] and ionic polymer–metal composites (IPMCs) [18,19]. Electronic
EAPs [1] are activated by applied electric fields and Coulomb forces. Dielectric
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crystal polymers [23,24] and piezoelectric polymers [25]
belong the electronic EAP category.
EAPs comprise a family of promising materials for sensing,
but are still new to most researchers working on sensor-related
topics. Since there isnomaterial that cancoverall sensory require-
ments, the selection of amaterial should bemade carefully to suit
individual requirements [2]. EAPs should certainlybe considered
complementary to conventional sensing materials, especially in
areas where high strains and conformity to soft materials is
desired. In this article, we review such materials and aspects of
their associated sensing mechanisms. Major categories of ionic
and electronic EAPs in sensory technologies are discussed,
along with a number of illustrative examples.negative ion positive ion
water molecules positive charge
- +
+
Figure 1. Schematic of free-standing film of conducting polymer as a linear
force sensor before and after applying tension.
ocus
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2.1. Introduction to ionic electroactive polymers
Ionic EAPs usually work at low voltages (less than 5 V [11] for
actuation). Additionally, many materials used in the synthesis
of ionic EAPs, such as polypyrrole (PPy) and poly(3,4-ethy-
lenedioxythiophene) (PEDOT) are usually biocompatible.
Thus, such EAPs are suitable for applications in biological
environments [2]. Ionic EAPs normally require an ion reservoir
to operate, so that ions or molecules can be transported within
them. Owing to the presence of ions in these EAPs, they share
some common features as responsive materials: (i) the stress
and/or strain applied to these materials will cause ion
migration and perturb the charge distribution; (ii) the proper-
ties of ionic transport into electrodes and/or through an
electronic separator will influence the overall outcomes in
applications such as sensing and actuation. Further discussion
on their advantages and disadvantageswill be given in table 3.
Most ionic EAPs can be further categorized into CPs, IPMCs
and polymer gels [1,2]. Carbon nanotubes [26] have recently
been added to this group as well [27]. Here, we focus on
CPs, IPMCs, carbon nanotubes and their derivatives.
2.2. Sensors based on conducting polymers
CPs or intrinsically conducting polymers (ICP) are organic
polymers that are electronically conductive with relatively
high and reversible ion storage capacity. The mechanisms
of both mechanical sensing and actuation are similar and
based on the insertion and expulsion of ions into and from
the polymer structure—the structure itself being ionically as
well as electronically conductive [28]. Depending on external
stimuli and the produced output, this kind of material can be
used as an actuator or sensor.
Two different configurations have been used for CP-based
sensor devices. One is a free-standing film of CPs, which oper-
ates in an electrolyte. Another configuration is the trilayer
structure, which is made of two CP layers at the top and
bottom, with an electrically non-conductive separator layer
between them. The separator layer, which is ionically conduc-
tive, works as an ion reservoir and also as an electrical
insulator. Trilayer sensors with an electrolyte within a separator
layer can function in air and do not need an external electrolyte.
2.2.1. Free-standing films of conducting polymers
The mechanochemoelectric effect (which results in ionic and
electronic currents produced by mechanical deformation)was observed in a free-standing film (figure 1) of conducting
polymer by Takashima and co-workers in 1997 [29]. In this pro-
cess, mechanically induced charge is converted into electrical
energy. This energy is proportional to the magnitude of the
applied load and the dimensional change of the film. The effi-
ciency of this conversion was estimated to be less than
0.01%, and the induced voltagewas of the order of a fewmicro-
volts [29]. It was also shown that this mechanochemoelectric
phenomenon is reversible and that the induced charge for all
cycles was nearly the same. CPs’ ability to measure relatively
large strains (10 times larger than typical piezoelectric sensors)
and their low mechanical impedance (Young’s modulus)
makes this kind of sensor potentially useful for multiple appli-
cations such as instrumentation to detect strain and force [30].
Additionally, tensile strain can be measured by a free-standing
film of CP.
There are two hypotheses dealing with the mechanism
behind this voltage generation. In one suggested mechanism, if
the conductingpolymer filmor layer is compressed, themechan-
ical deformation leads to an increase in the concentration of
mobile ions relative to the ionic concentration in the external elec-
trolyte. Typically, the mobile ion species is either cationic or
anionic, with charge being balanced by the electronic charge
on the polymer backbone or by bulky, immobile counter-ions.
This concentration difference and the mechanical stress on the
mobile ions cause net expulsionof themobile ions from thepoly-
mer structure and generate a voltage difference that is detectable
by open circuit measurements [31]. Similarly, increasing mech-
anical tension in the polymer structure increases the volume of
the polymer, leading to a decrease in ion concentration. This
causes an influx of mobile ions of one type into the polymer
(anions are shown in figure 1), leading to a voltage difference.
An alternative theory suggests that ions are inserted or expelled
directly as a result of mechanical stress, not due to changes in
concentration [30]. This appliedmechanical stress can be related
to generated voltage by CP sensors as an output.
A linear relationship between generated voltage and
applied stress was reported by Shoa et al. [30] for a PPy
free-standing film. The generated voltage DV is related to
applied stress, s by the following equation: DV ¼ ass;
where the strain to charge ratio for sensing, as is an empirical
linear coefficient. The sensor response is relatively stable in
the frequency range 0.1–100Hz.
applied
force
pushing to the right
pushing to the left
(b)(a)
(c)
V
Figure 2. Schematic of (a) a bending trilayer sensor. In (b), a trilayer sensor is deflected by a finger, and (c) shows an example of measured open circuit potential generated
by brief mechanical stimuli. The direction of the peak (up or down) is related to the direction of mechanical excitation. The magnitude of voltage spikes in this example
is approximately 10 mV. Pushing a trilayer to the left generates an upward peak, while pulling the trilayer to the right generates a downward peak, with the positive
electrical connection on the (left/right) side. A video about the tri-layer conducting polymer sensor and actuator is available in the electronic supplementary material.
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play an important role in the conversion of mechanical
energy to electrical energy, and vice versa. Madden [32]
also predicted the charge generation due to mechanical defor-
mation in CPs. He also mentioned the relationship between
voltage polarity (+V ) and the type of counter-ion [32].
Ergonomic comfort, elasticity, high thermoresistivity and
piezoresistivity of the PPy conducting polymer have attracted
some researchers to use it in wearable e-textiles in biomedi-
cine [9] and wearable electronics [33]. Examples include the
deposition of a thin layer of PPy on a Lycra/cotton fabric
to make a sensitive glove [34], and coating elastomeric
fabric to make an intelligent knee sleeve to provide feedback
on knee flexion angle [35]. Although the material has several
interesting properties in the context of wearable devices, its
long response time to reach steady state (in a few minutes)
is the major limitation for practical usage [9].
Gas or chemical sensors are another interesting appli-
cation for CPs, as the absorption of gas molecules leads to
a change of electrical conductivity in the polymer matrix.
Compared to sensors based on metal oxides, conducting
polymer-based chemiresistors have several improved charac-
teristics such as higher sensitivity and shorter response times
[36]. The sensitivity of the PPy conducting polymer to ammo-
nia, nitrogen dioxide, carbon dioxide and organic vapours,
such as alcohols and ethers has been reported [36–39].
CPs have also been employed in the design and fabrica-
tion of biosensors [40]. Facile electro-polymerization, and
their potential for miniaturization and functionalization by
doping or grafting, make CPs good candidates for use as
suitable substrates for DNA sensors [41,42]. Meanwhile, stab-
ility, ability to be modified by enzyme to exhibit different
analytical characteristics, and electrode protection from foul-
ing and interfering material are some advantages of CPs for
electrochemical biosensing applications [43].
Conducting polymer free-standing films can be produced
by electrodeposition, as is often done with PPy [44]. Low-
temperature deposition produces films with good electricaland mechanical properties [30,44]; these are doped, during
growth, with anions. Although anions often constitute the
mobile charges, large anions such as dodecylbenzenesulfonate
(that are essentially immobile) can be inserted during electro-
deposition [45–47], creating cation-transporting sensors. The
detected voltage in cation-transporting sensors is in opposite
polarity when compared with anion-transporting sensors.
Unlike PPy, polyaniline is soluble, and can be cast to create
films [29]. In chemical deposition, PEDOT, PPy and polyaniline
can also be deposited from the monomer in vapour or liquid
phase, in the presence of an oxidizing agent that drives
polymerization on or within a substrate [48–50].2.2.2. Trilayer structure based on conducting polymers
Figure 2 shows a bending trilayer sensor, with the expanded
layer being penetrated by mobile ions, while mobile ions are
expelled from the contracted layer on the opposing side due
to mechanical stress and the increase in ion concentration.
Stress effects may also occur in ions in the separator layer.
The generated potential difference between two layers can be
detected by an open circuit potential measurement, or by
detecting a short circuit current. The voltage difference pro-
duced is given by the strain to charge ratio multiplied by the
applied stress. Typical values of strain to charge ratio are
10211–10210 m3 C21, so that a 1 MPa stress produces voltages
between 0.02 and 0.06 mV, and large charges of between 2000
and 6000 C m23 [30,32]. The charge produced in thin films is
large compared with piezopolymers (piezoelectric polymers,
which convert pressure to voltage—refer to §3.4).
Amechanical bending-type trilayer sensor using PPy as the
CP layers was investigated by Wu et al. [31]. They observed
millivolt signals in response to millimetre deflection, which
generated 1000 C m–3 charge for 1% strain in the PPy film.
Sinusoidal voltage output was detected in response to sinu-
soidal displacement excitation. A linear relationship between
induced strain and charge density during bending defor-
mation of the trilayer sensor was observed. They also
PVDF membrane PVDF membrane PVDF membrane 
CP layer
CP layer
gold layer
IPN layer IPN layerIPN layer
gold deposition CP deposition
PEDOT penetration
(a)
(b)
Figure 3. Schematic of fabrication of conducting polymer-based trilayers (a) CP/Au/PVDF/Au/CP structure, gold is sputtered on the PVDF membrane and then the CP layer
is deposited by electrochemical deposition. (b) PEDOT/IPN/PEDOT structure, PEDOT is polymerized inside the IPN film by chemical deposition, which creates a PEDOT
penetrated layer at the top and bottom of the IPN film with density gradient of PEDOT towards the surface.
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parameter and is different for different ions, and sensor
response can be improved by using ions that have larger
strain to charge ratio.
Tensile and compressional strain can also be measured by
conducting polymer-based sensors in trilayer configurations.
PEDOT conducting polymer was used as a mechanical
sensor in a trilayer configuration [51]. The output voltage in
response to+2% sinusoidal strain was measured at approxi-
mately 0.20 mV, with the same frequency as the input signal.
A linear relationship between applied strain and the output
voltage (in open circuit potential measurement) was reported.
Interesting results by Otero and his team [52] report the
change in consumed electric energy by a trilayer PPy-based
device in response to changes in load. It was observed that
during the application of a constant current between two PPy
electrodes in a trilayer arrangement, there is a linear increase
in consumed electrical energy with respect to load. They also
reported that this energy drops linearly with respect to increas-
ing temperature. These properties allow this device to be used
as a sensor for both mechanical load and temperature. In a
similar study, the tactile sensitivity of the trilayer was investi-
gated. The PPy trilayer was used to push an obstacle, and a
linear relationship between applied potential and obstacle
weight was obtained [53]. The materials’ key properties have
been extensively characterized by different groups. These
properties include sensitivity (the minimum detectible phys-
ical signal) [54,55], linearity (linear relationship between
input and output) [56], their operation at the micro-scale
[55,57] and frequency response [58].
Trilayer structures (figure 3) are formedwith porous or ioni-
cally conducting material as the substrate, onto which two
layers of conducting polymer are applied (top and bottom).
Wu et al. [31] and subsequent papers from Alici and col-
leagues [56,58,59] employ porous polyvinylidenedifluoride
(PVDF) as the substrate, onto which a thin layer of platinum
(or gold [59]) is sputtered on each side. PPy films are electro-
chemically deposited on the metal layers. Microstructures
can be produced by creating thin porous layers of PVDF
[31,60,61]. An approach that was used by a team at the Univer-
sity of Cergy-Pontoise involved the synthesis of films
containing ionically conductive poly(ethylene oxide) (PEO)
interpenetrated with an elastomer (nitrile butadiene rubber).
The latter affordsmechanical stability, imparting highmechan-
ical elasticity and ionic conductivity to the resulting
interpenetrating polymer network (IPN) [48,51,62]. The
EDOT monomer is deposited onto the substrate surface. Fol-
lowing penetration into the substrate, it is polymerized to
create a very robust and ionically conductive trilayer sensor/
actuator combination [48,63–65]. Recent work has shown aresonant frequency of 900 Hz in an actuated microstructure
[62]. Freedom from delamination is one of the major
advantages of PEDOT/IPN/PEDOT trilayer structures for
long-term operations (more than 3.5  106 cycles).
Trilayers based on CPs deposited on PVDF or PEDOT/
IPN/PEDOT trilayers can be swollen with ionic liquids or
other salts dissolved in different electrolytes to function in
air as a sensor (e.g. 0.1 M LiTFSI in propylene carbonate
[66–68]). Stiffness, deflection, current and frequency response
are tailored by varying length, width and thickness.
Otero and Corte´s fabricated a very simple triple layer
sensor; they electrodeposited the PPy film onAISI 304 stainless
steel. To control the adherence to the metal, the morphology
and the stability, they applied square wave potentials between
–0.3 V (2 s) and 0.872 V (8 s). After deposition they taped PPy-
deposited film on stainless steel with double-sided plastic tape,
and peeled off the film and taped the other side of the tape to
new PPy-deposited film and peeled it off again. Finally, they
made the PPy/double-sided plastic tape/PPy triple layer
sensor [52,53].2.3. Sensors based on ionic polymer–metal composites
Similar to the CPs, IPMC sensors and actuators alsowork based
on the movement of ions, but with different mechanisms and
structures. IPMCs have trilayer structures, involving a combi-
nation of ionic polymers and metallic electrodes. IPMCs are
reported as both sensors and actuators [10,19,69–71]. Working
as sensors, their great sensitivity to physical stimuli such as
mechanical force (which can induce bending on the IPMC sen-
sors, figure 4)makes themvery attractive [72,73]. Unlike sensors
based on CPs, IPMCs are mainly used as mechanical sensors.
Therefore, this section mainly focuses on mechanical sensing
based on IPMCs.
In 1970s, Grodzinsky & Melcher [74] demonstrated elec-
tromechanical transduction in collagen membranes. They
proved experimentally that both mechanical-to-electrical
and electrical-to-mechanical transductions are possible in
the polyelectrolyte membranes used [74]. IPMC-based
vibration sensors were reported by Sadeghipour et al. in
1992 [75]. The output voltage versus applied tip displacement
upon bending a cantilevered IPMC was measured by Mojar-
rad and Shahinpoor [76]. The magnitude and direction of the
output voltage were found to be dependent on the magni-
tude and direction of the forced-induced deformation.
Another experiment using IPMC as a mechanical sensor
was conducted by Ferrara et al. [77].
IPMC is normally established in a trilayer fashion with
the metallic electrode attached on the top and bottom of an
ionic polymer layer [78,79]. Ionic polymers are considered
polymer chain
electrodes
applied
force 
–
+fixed anion mobile cation water molecules
V
Figure 4. Schematic of an IPMC sensor. Application of force leads to bending
of the IPMC and expansion (dilution of ions) at the top and contraction (con-
centrating ions) at the bottom, which causes a concentration gradient.
Difference in concentration leads to migration of mobile cations (surrounded
by water molecules) towards the diluted section. Owing to change of charge
amount carried by cations between electrodes, potential difference is gener-
ated between the electrodes. This potential can be measured by open
circuit voltage.
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work of immobile ionic repeat charge units (hydrophilic).
These are covalently bound to repeat units which are some-
times grafted onto a network of a non-ionic polymer
(hydrophobic). The hydrophilic, microstructured network
creates porosity, enhancing the charge transport of oppositely
charged mobile counter-ions when swollen in the presence of
diluent [69] (figure 4). Acidity, or the ion exchange capacity
(IEC), of the ionic polymer membrane indicates the capacity
for the counter-ions storage; the ion conductivity of the
ionic polymer indicates ion mobility across the membrane
[69]. IEC and ionic conductivity are the two major character-
istics of ionic polymers as sensors and actuators. Both of
them depend on the structure of the membrane. Meanwhile,
the ionic conductivity is also related to the size and charge of
the counter-ions as well as electrolyte type and uptake [80].
However, the tensile modulus usually decreases when ionic
conductivity is increased by higher diluent uptake. The main
research efforts in this area are to synthesize ionic polymers
with higher ionic conductivity (operating in both hydrated
anddry conditions), improved stability (chemical and thermal)
and enhanced mechanical properties (e.g. strength) [69,81].
DuPont’s Nafion [82], Flemion, Aciplex, Aquivion (Hyflon)
and other synthesized sulfonated aromatic ionic polymers
have been reported as polyelectrolytes for IPMC sensing
and/or actuation [69]. A typical ionic polymer consists of per-
fluorinated alkenes with short side chains terminated by ionic
groups (e.g. sulfonic or carboxylic acid groups for cation
exchange, or ammonium cations for anion exchange). The
volume proportion of polymer backbones determines
the mechanical strength of IPMCs: the higher the volume pro-
portion, the higher themechanical strength.Metallic electrodes
can be formed by either chemical reduction (such as electroless
plating [83]) or physical deposition (such as sputtering [84]).
Metals that have been used successfully as electrodes are
platinum [85,86], copper [87], silver [83], palladium [84] and
gold [88,89].The theory behind IPMC mechanical sensing was covered
in a handful of review papers [18,69,78,90]. Two methods
to measure mechanical deformation have been proposed, as
described below.
In the first method, the generated potential difference
between electrodes is measured. The IPMC’s mechanical sen-
sing properties were explained by the charge imbalance of
ionmigration bymechanical deformation [19].When the exter-
nal force is imposed on the IPMC sensor, due to the stress/
strain gradient, shifting of mobile cations becomes possible
and they move towards the expanded region to balance the
concentration of ions. The gradient of charge along the thick-
ness of the IPMC sensor (figure 4) generates a potential
difference which can be detected by a low-power amplifier or
open circuit potential measurement [18,91,92]. The hypothesis
behind this mechanism of sensing is that the charge density is
proportional to the induced strain [93].
In the second measurement method, the surface resistance
of the metallic electrode of IPMC is measured. This resistance
changes with expansion and contraction of the electrodes.
When the electrode is stretched the resistance increases, and
compression of the electrode decreases the resistance. In the
case of bending IPMCs under applied force or strain, the resist-
ance of one side increases while the other side decreases. This
difference between resistances of both surfaces is correlated to
the bending curvature and also increases cumulatively. The
measured resistance difference between electrodes is used to
calculate the radius of curvature, which leads us to find the
applied strain. A four-probe system is employed to measure
the surface resistance of the electrodes [94,95].
IPMCs can be used for both static and dynamic mechanical
sensing. They demonstrate potential in sensing curvature vari-
ation for engineering structures [96], fluidic flows [97], force
[98] and even the inclination (angle change) of a body [99].
Though the electromechanical coupling properties of IPMCs
are found to be influenced by the solvent [100,101] and other
conditions such as the humidity of the environment [102],
chemical sensing based on IPMCs is rarely explored. Some
IPMCs are soft and non-toxic hydrophilic materials, which
show great potential for biomedical applications. Multifunc-
tional tactile sensors [103], muscle movement detectors [104],
blood pressure, pulse rate and rhythm sensors [12], pressure
sensors in human spines [77] and hand prosthetic applications
[10] based on IPMCs have been demonstrated.2.4. Sensors based on carbon nanotubes
Application of voltage to carbon nanotube electrodes immersed
in an electrolyte results in charge to the electrodes. This charge
is balanced by the counter-ions from the electrolyte. Insertion/
expulsion of ions into/from the carbon nanotubes can generate
positive and negative strain and enable carbon nanotube
electrodes to work as an actuator. Inversely, doping carbon
nanotubes with some molecules can produce a potential differ-
ence or change the electrical conductivity. Change in nanotube
structures or change in electrical conductivity can be sensed and
enable carbon nanotubes to be employed as sensors.
Carbon nanotubes (CNTs) have drawnmuch attention due
to their unique properties, including their one-dimensional
nature, high stiffness and strength, thermal conductivity, bal-
listic transport and high surface area [105]. CNTs exhibit
actuation and sensing behaviour due to their ability to store
both charge and molecules. Storing charge in carbon
I V
Au contact
Au contact
NH3
SiO2
Si
CNT (s) layer
Figure 5. Schematic of a CNT gas sensor. The CNT layer is used between two electrodes, and the current response to constant applied voltage is measured. Change
in resistance of the CNT layer, which causes change in current, shows gas absorption.
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of up to 1%. Conversely, charged CNTs in the form of yarns
can generate voltage when tensile stress of up to several hun-
dred megapascals is applied [106]. In the case of the force
sensor, similar mechanisms to CPs have been suggested for
CNT-based sensors. Axial mechanical tension increases the
length of the yarns, which leads to radial compaction. This
reduction in diameter decreases the available inner surface
area for ion interaction and causes expulsion of interior ions.
The ion expulsion produces an inward current into the yarns
explained by Mirfakhrai et al. [106]. Chemical vapour depo-
sition (CVD), arc-discharge technique and laser ablation
are the main methods used in the preparation of the CNT
layer [105].
Very large surface-to-volume ratio means the carbon nano-
tubes have high adsorptive capability: ideal for use in gas or
chemical sensors. As the electronic properties of the nanotubes
change with atomic structure and chemical doping, they
are suitable for sensor miniaturization while maintaining
high sensitivity. As shown in figure 5, when the gas molecules
are absorbed by the CNT(s) layer and work as dopants, the
conductivity of this layer changes, which causes variation in
resistance between two Au contacts [105,107,108].
CNTs have been employed in electrochemical sensing to
enhance sensitivity, especially in biosensing applications
[109,110]. Excellent conductivity, absorptivity and biocom-
patibility are other advantages of CNTs as electrochemical
biosensors [110–114].2.5. Sensors based on other ionic electroactive polymers
Other ionic EAPs, such as hydrogels [2,115,116], have also
been studied for sensing applications. The sensitivity of the
hydrogels to some physical parameters such as temperature
[117], pH [117,118], electrical voltage [119], salt concentration
[120] and concentration of organic materials in water [121]
make them interesting materials for using in chemical
sensor applications and biosensors such as DNA and protein
detection [122].
Smart hydrogel or stimuli-responsive hydrogels can
change their volume by more than one order of magnitudeand reversibly convert chemical energy into mechanical
energy [119]. Using hydrogel with different techniques for
sensor applications has been reported [40,123]. Swelling the
hydrogel, which causes bending of the thin silicon plate to
change the output voltage, is one of the demonstrated
approaches. Adding a hydrogel layer to the micro-pressure
sensor can help to monitor the analyte-dependent swelling of
the hydrogel to detect the change in solution. The diffusion-
driven mechanism of the hydrogels gives them slow response
times, but this can be improved through miniaturization. The
response time of such materials is affected by the viscoelastic
and hysteresis behaviour of the hydrogel [123].3. Electronic electroactive polymers for sensing
3.1. Introduction to electronic electroactive polymers
Unlike ionic EAPs, electronic EAPs are free fromanyelectrolyte
medium. No ion migration is required for the electromechani-
cal coupling. Therefore, electronic EAPs require a shorter time
period for response or relaxation than ionic EAPs: this can be
less than 1 ms [11]. Thus, electronic EAPs can also work at
higher frequencies than ionic EAPs for dynamic sensing.
Dielectric elastomers, electrostrictive polymers, liquid-crystal
elastomers (LCEs, typical flexoelectric polymers) and piezo-
electric polymers are the main subgroups within electronic
EAPs [1,2]. In the following subsections, we will focus on
dielectric elastomers, LCEs and piezoelectric polymers as
they are more studied in sensory applications.3.2. Sensors based on dielectric elastomers
A dielectric elastomer (DE) sensor is a type of strain sensor
that detects the change of capacitance in a capacitor-like
system. In this section, the design and mechanism of DE sen-
sors is briefly introduced, and the benefits and drawbacks are
also discussed to help both theoretical understanding and
potential application.
DE sensors are based on a system with two compliant
electrodes and an intermediate dielectric layer (formed
from a long chain polymer with suitable electric permittivity
actuation(a)
sensing
LCR meter
(C)
A A’
t¢t
high-voltage
power supply
(off)
high-voltage
power supply
(on)
LCR meter
(C¢)
mechanical stretching
electrostatic force
(b)
Figure 6. Schematic diagrams show the mechanisms of operation for a DE in (a) actuator and (b) sensor modes. When applying voltage across the actuator, the
attracting force between electrodes makes the DE film contract in thickness but expand in lateral directions. When laterally stretching the sensor, the change in
capacitance (C to C’) can be correlated to the strain due to stretching.
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[21,124,125], which include DE actuators [6,126–129], DE
sensors [130] and DE generators [131–133].
Development of EAPs based on DE materials can be
traced back to Roentgen’s work in 1880 [4]. In his experiment,
he observed the deformation of a piece of natural rubber
when a high electrical field was applied to it. This is the
first reported instance of DE actuation. Figure 6a shows
the basic concept of DEAs. When a voltage is applied to the
two compliant electrodes (black sheets shown in figure 6) at
the top and bottom of the elastomer, these two electrodes
mutually attract and tend to move towards each other, thus
squeezing the elastomer by the electrostatic force (also
known as Maxwell stress) and inducing a reduction in thick-
ness. Assuming the elastomer is incompressible with a
positive Poisson’s ratio, there must be a lateral expansion in
the plane normal to the direction of the electrical field. Since
the electrodes are compliant, they will expand with the elasto-
mer without electrical disconnection during the deformation
process. When the applied voltage is removed, the whole
system reverts back to its original state.
DE sensors can have a similar basic design to DE transdu-
cers (but without the application of high voltage) to detect
changes in strain. This is done by measuring the capacitance
across the elastomer after deformation by stretching, relaxing
or compressing. Figure 6b depicts a typical design of DE
sensor. When the system is going through deformation due
to applied force, the capacitance created by the electrodes
changes with the planar area and the thickness of the system,
as described in the following equation: C ¼ 101r A/d; where
C is the capacitance, 10 is the vacuumpermittivity, 1r is the rela-
tive permittivity of theDEmaterial,A is the overlapping area of
the two electrodes on opposite sides of the DEmembrane and d
is the distance between the two electrodes (also the thickness of
the DE film). For example, in figure 6b, if the system is
expanded laterally by applying force in the planar direction
(stretching), the capacitance will increase from C to C’ since A
increases and d decreases. Thus, by measuring the change in
capacitance with a capacitance meter or an LCR (inductance(L), capacitance (C) and resistance (R)) meter, the amount of
deformation can be calculated [6].
For practical cases, DE sensingmay not be as simple as this,
since the voltage drop across the electrode, due to resistance
and current leakage through the dielectric layer, must be
taken into account. Recently, a transmission line model
reported by Xu et al. [134–136] considered the full impedance
of the circuit. This model can better analyse output signals at
higher sensing frequency, and can also be used to achieve
local detection within the same film [134–136].
In an ideal DE sensor system the electrodes must satisfy
two requirements: (i) they must not over-constrict defor-
mation of the DE layer; and (ii) they must stay in conformal
contact with the polymer layer during deformation in order
to guarantee conductivity. Disconnection of the electrodes
during large deformations can cause malfunctions in the
system. Meeting these two requirements, the electrode
materials can be carbon powder [137,138], silver paint
[139], metallic thin film [139], carbon grease [128,140], CPs
[139], carbon nanotubes [141], hydrogel with electrolyte
[142,143] or graphene [144], and conductive elastomer-
based compounds [138,145]. Among these, carbon grease is
recommended for fast prototyping and is most widely used
since it retains high conductivity during large strain. It is
also cost effective and easy to apply to different DE layers
[146]. On the other hand, the selection of DE layers also
affects the performance of sensors. Since the measured
strain is directly related to the change in capacitance, the per-
mittivity of the DE layer should be as large as possible to
maximize sensitivity [21]. So far, the most common DE
material used in this type of sensor is silicone rubber due
to its fast response and low (viscoelastic) hysteresis [125].
Compared with conventional materials used for sensors
that are relatively stiff and may fail at low strains [125],
DEs can provide a larger range for strain sensing, since
strains of 300% have been reported in DE transducers [147],
which allow their use in haptic communications or tactile dis-
plays [124,148]. Additionally, the fabrication of DE sensors is
simple and affordable, and their low weight and stability
profile
stress
dielectric
electrode
Figure 7. Basic principle of a DE pressure sensor with wave profiles. This figure is based on one previously published in [167].
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the micro-robotics field and biomedical applications such as
orthotics and prosthetics [124,149,150]. By integrating DE
actuators and DE sensors, a self-sensing actuator can be
established. The self-sensing DE actuator has been designed
and investigated extensively [151–158]. Furthermore, numer-
ous studies have reported this by measuring capacitance
during actuation to monitor the change in strain [158–161].
This design paves the way for micro-scale actuators, since
independent sensing devices are not needed. Inevitably,
there are some aspects in which DE sensors can be improved,
such as inhomogeneity of the materials, the temperature
dependence of the elastomer’s properties, and conversion
between strain and stress in some DE sensors [21,162]. Sol-
ving these technical challenges would lead to even wider
commercial applications for DE sensors.
Owing to DE sensors’ high robustness, reliability, well-
costed and well-understood manufacturing process, they are
probably the most successful EAP mechanical sensors with
regard to their commercialization—with numerous patents
[163,164] based on DE sensors and transducers. This is further
shown in companies like Parker [165] and StretchSense [166]
that have developed sensors based on dielectric elastomers;
these can detect stretching, pressure, bending and shear, as
well as changes in strain and temperature. StretchSense
have integrated these sensors with Bluetooth, an example of
well-established pre-existing technology, showing the ready
adaptability and ease-of-use of DE sensors. The readouts from
the products of both companies can also be transmitted directly
to a users’ mobile phone.
It has been mentioned by Bo¨se [167] that sensing in the
normal direction might be less efficient, compared with sen-
sing lateral stretching. When a compression force acts
perpendicular to the film surface, the DE film behaves nearly
incompressibly, resulting in a small deformation and a corre-
sponding increase in the capacitance of the flexible capacitor.
To better measure the stress load in the normal direction, a
novel design has been recently introduced [167]. The basic
principle of this sensor is shown in figure 7. The DE elastomer
film is embedded between two profiled surfaces in a sandwich
configuration. When the sensor mat is compressed, the profiles
penetrate into each other, thereby stretching the DE film. This
conversion of pressure load to strain leads to a large increase
in the capacitance of the DE film, thus enabling detection of
stress in the normal direction.
In summary, DE sensors are an additional use of DE trans-
ducers. By measuring the capacitance change of a system
composed of two compliant electrodes with a DE layer in
between, the strain due to an applied force can be measured.
It is a good choice due to its high strain and large deformation
range measurement, easy fabrication, low-cost, light-weight,
repeatability, and also its ability to achieve self-sensingDE actuators in micro-scale applications. Limitations such
as inhomogeneity during fabrication also exist. Therefore,
proper testing and careful assessment depending on appli-
cation requirements are necessary when choosing DE sensors
as the method to measure strain. Nonetheless, the DE sensor
is by far the most successful EAP used so far for mechanical
sensing, with well-developed manufacturing techniques and
numerous commercial products available in the market.
3.3. Sensors based on liquid-crystal polymers
Liquid-crystal (LC) ‘phases’ are intermediate phases between
the crystalline state (in which molecules are spatially fixed
into a very ordered arrangement) and the liquid state (in
which molecules are fully disordered) [168]. There are
many types of LC phases, and they are categorized by the
type and degree of ordering in the molecules making up
the material. Increasing disorder can be caused either by
increasing temperature, or by adding small solvent mol-
ecules. The type of molecules that form LC phases are
usually long, rigid rods, and the anisotropy present at mol-
ecular level gives LC phases their unusual behaviour. While
the LC material is partially disordered, and so retains the
ability to flow (like a liquid), it can also display crystal-like
optical properties such as birefringence.
If the anisotropic LC molecules are simply chemically
joined together to form a long chain, then this ability to
flow is hindered and the material simply becomes crystalline;
if, however, they are tethered to a long chain molecule which
is quite ‘soft’ (i.e. having a low glass transition temperature)
then some ability to flow can be maintained. Furthermore,
if some chemical linking points are present between these
soft chains, then LC phase changes can cause changes in
the bulk dimensions of the material. This type of material is
termed an LCE [169,170] and can show some really remark-
able shape changes; many can shrink by one-third of their
length when heated, but shrinking of up to 80% of the
original length of the material has been reported [171].
The schematic in figure 8a shows how such a shrinkage
can occur; if the mesogens show orientational alignment
across the whole of the material (this is termed a ‘mono-
domain nematic’), then heating causes an increase in
disorder and a shrinking of the material along the LC direc-
tor. This change is reversible. To make LCEs responsive to
electric fields, a small amount of a conducting ‘filler’ material
(such as carbon nanotubes or magnetic nanoparticles) can
simply be added to the LCE, as shown in figure 8b [24,174].
In this case, an applied electrical potential causes a flow of
current, which heats the material. Then, a dimensional
change is caused by the same mechanism as described
above. Care must be taken in processing these materials; if
the filler is added in too high a concentration, the material
can become stiff and dimensional change is hindered.
heating
cooling
magnetic
particle
LC
mesogen
flexible
polymer
network
coil
carrying
AC
current
exert
stress
V
pressure
nematic
isotropic
(a)
(b)
(c)
Figure 8. Schematic diagrams to show LCE actuating and sensing behaviour, where (a) shows how the ordered ‘nematic’ phase becomes isotropic during thermal-
induced actuation, with a corresponding contraction along the LC director; and (b) when small magnetic particles are added to the LCE, liquid crystalline order is
preserved ( particles not drawn to scale). When this material is placed in a rapidly changing electromagnetic field (e.g. inside a solenoid carrying an AC current) the
magnetic particles’ temperature is raised, causing the same type of contraction as in (a). (c) A ‘cholesteric’ LCE, with a helical variation in the direction of the LC
mesogens, changes pitch when force is exerted in the direction of the helicoidal structure; this can lead to the generation of an electric field and is potentially useful
in strain sensing [172]. The mechanism by which this field is generated is discussed more fully in [173].
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fields even without an added filler. In order for materials to
be ferroelectric (i.e. having a permanent electrical polariz-
ation in the absence of an external electrical field), they
must fulfil certain symmetry requirements; most types of
LC phases have very high symmetry and therefore are not can-
didates for ferroelectric behaviour [175]. However, in 1975 a
team of researchers predicted that in the smectic C LC phase
(in which the rigid LC mesogens are arranged in layers, but
tilted with respect to the layer direction), and if the molecules
are chiral, then a spontaneous polarization arises [175]. This
prediction was successfully proven experimentally and has
since led to considerable research in the field of ferroelectric
liquid crystals (FLCs) [176], which have been commercialized
in the field of LC displays due to their rapid switching times.
When incorporated into a cross-linked matrix (forming an
LCE), they can potentially show piezoelectric effects (i.e. the
ability to either produce an electrical current when subjected
to mechanical stress, or to show a dimensional change in
response to an electrical voltage).
When ferroelectric LCs are chemically bound to a soft poly-
mer network, forming an LCE as described above, the material
can undergo contraction when exposed to an external electric
field [23,177,178]; the strain changes reported were rather
low, approximately 4% in response to applied fields of the
order of 1 MVm21 [23]. These materials also tend to be rather
soft (with an elastic modulus of the order of MPa), so that,
although the applied field causes a strain change, the material
is not capable of exerting a large force. Stiffer materials havebeen fabricated by swelling an LC polymer network to form
a gel [179]. These materials have been investigated as electrical
actuators (converting electrical signals into a mechanical force)
but less extensively for sensing applications. However, some
studies on the piezoelectric nature of these materials indicate
that surface charges of the order of tens of picocoulombs
can be obtained by the application of forces of the order of
newtons, and these values are dependent on the temperature
at which the procedure is carried out [180].
Strain sensing has also been investigated in the so-called
‘bent-core’ LC polymers. Figure 9 shows schematically how
the bending of such a material can lead to an overall change
in the electrical polarization, as well as providing an example
of a polymerizable bent-core mesogen. As their name suggests,
these LCs are rigid mesogenic units that have one bend along
their length to form an L-shape; an example is shown in
figure 9c. This gives rise to novel behaviours, because they
can form chiral phases even when the LC mesogens used to
create them are achiral. These materials have promise in the
field of piezoelectric sensors: under mechanical bending, cur-
rents of tens of nanoamperes can be generated [181,182]. This
phenomenon has been termed ‘flexoelectricity’ and has been
studied both experimentally and theoretically [184].
Piezoelectric effects (which will also be detailed in the
next section) have been observed in ‘cholesteric’ LCEs, in
which the LC mesogens show helical ordering (and, there-
fore, chirality). It was predicted theoretically that such
cholesteric effects should exist, before experiments showed
that piezoelectric voltages of millivolts could be generated
bent-core
mesogen with
electrical
dipole
polymer
matrix
(a)
(b)
(c)
Figure 9. (a) Schematic diagram showing a ‘bent-core’ LC mesogen chemi-
cally bound to a polymer network. (b) A bending distortion creates a change
in the overall electrical polarization of the material. (c) A typical molecular
structure of a polymerizable bent-core mesogen [181–183]. (Online version
in colour.)
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matically in figure 8c. An interesting recent study showed
that cholesteric LC polymers can be made to change their
colour in response to humidity and temperature [186].
In summary, LCEs show considerable potential in mech-
anical sensing due to their tunability and their capacity to
undergo large strain changes. Barriers to commercialization
include the complexity and expense of their synthesis.
While their use as actuators (in which an external trigger
causes them to undergo shape change) has been extensively
explored, there is considerable scope to extend their use in
generating electrical signals in response to external stimuli.3.4. Sensors based on piezoelectric polymers
The term ‘piezoelectric’ originates from the Greek word
‘piezo’, which means ‘pressure’, and refers to the propensity
of certain materials to generate electrical charges on their sur-
faces in response to an applied pressure. Conversely, when an
electrical potential is applied across the material, mechanical
deformation results.
In general, most of the well-known piezoelectric materials
are inorganic [187–190] due to their high piezoelectric strain
constant (d, the mechanical strain produced by an applied
electric field). However, these piezoelectric ceramics require
high processing temperatures if thin films with dipole
orientation are required. In addition, to gain the highest per-
formance, lead-containing materials, such as lead zirconiumtitanate (PZT) [191,192], should be used. To counter these
drawbacks, polymer piezoelectric materials have been pro-
posed as substitutes. Polymer piezoelectric materials have
significant advantages; in addition to their soft elasticity,
both the materials and processing equipment required are
inexpensive [193–195]. As a result, piezoelectric polymers
enable the fabrication of flexible sensors [196–206], energy
generators [207–210] and organic-based field-effect transis-
tors [211] for the next generation of smart technology.
Furthermore, although piezoelectric polymers have lower
piezoelectric strain constants, they present better piezoelectric
voltage constants (g, the electric field produced by a mechan-
ical stress) due to the low dielectric permittivity of the
polymer, as described in the following equation: g ¼ d/
(1o1r); where g is piezoelectric voltage constant, d is piezoelec-
tric strain constant, 1o is the vacuum permittivity, 1r and is
the relative permittivity of the piezoelectric materials. This
indicates that piezoelectric polymers are particularly well
suited to sensor applications involving the detection of
pressure or human motion [212,213]. Here, we are focusing
on the mechanical sensing aspect; however, some piezoelec-
tric polymers can be used in other sensory applications,
such as pyrometers, flame and thermal sensors. These
sensors will be discussed in a later part of the section.
Figure 10a presents a schematic of a tactile sensor using the
piezoelectric polymer polyvinylidene fluoride-trifluoroethylene
(P(VDF-TrFE)). The design of a typical piezoelectric tactile
sensor is that of a two-plate capacitor with the piezoelectric
polymer as the dielectric material, where the applied force
induces a charge across the capacitor which is sensed by a vol-
tage or charge amplifier circuit. Figure 10b illustrates typical
output voltage characteristics of the piezoelectric polymer tactile
sensor under low-frequency vibration (5 Hz) [136]. This device
shows an alternating current shaped output signal with a peak
voltage 0.3 V under 0.1% s–1 of strain rate. The magnitude
and frequency of applied stress should be considered signifi-
cant since the shape of the output signal is determined by
those factors [214].
The atomic structure of piezoelectric polymer materials is
the most significant factor in understanding the sensing
mechanism of piezoelectric polymer tactile sensors.
Figure 10c shows the atomic structure and dipole moment
(P) of polyvinylidene fluoride (PVDF), which is one of the
most cited and widely used piezoelectric polymer materials
[193,194] due to its high electromechanical coupling property,
approximately 28 pC21 N [215]. PVDF has a spatially sym-
metrical arrangement of hydrogen and fluorine atoms along
the polymer chain. In this spatial arrangement, the difference
between electron preference (electronegativity) of atoms gen-
erates polarization in the molecules [216]. P(VDF-TrFE),
which is used as a sample tactile sensor (figure 10a), is a
copolymer of PVDF, and the additional side group helps
the polymer retain an all-trans conformation. Figure 10c
depicts the sensing mechanism of the piezoelectric poly-
mer-based tactile sensor. In the case of PVDF, polarization
of molecules decreases as a result of applied pressure because
the magnitude of polarization is proportional to the distance
(r) between hydrogen and fluorine atoms. Positive voltage
output occurs when the pressure is released, because the res-
toration of the film increases the distance between atoms.
Other piezoelectric polymers containing atoms giving rise
to different dipole arrangements also generate voltages in a
similar way.
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Figure 10. (a) Schematic of a P(VDF-TrFE)-based tactile sensor. (b) Output voltage of P(VDF-TrFE)-based tactile sensor when impacted with low-frequency ( f ¼ 5 Hz)
vibrations using a magnetic shaker. Red circles indicate the deformation states of the piezoelectric polymer film. (c) Schematic drawing of the piezoelectric polymer-
based tactile sensor mechanism based on atoms. Structure of PVDF in the all-trans configuration and its dipole moment (P). Red arrows indicate the separation (r)
between hydrogen (orange circle) and fluorine (green circle) atoms.
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P(VDF-TrFE) films for pressure sensors and energy harvesting,
owing to their relatively high sensitivity [217] their use is lim-
ited to sensing dynamic forces and pressures only. In other
words, piezoelectric polymer materials are inappropriate for
static measurements. This is because the electrical charge gen-
erated in a piezoelectric material under static stress decays over
time, depending on the dielectric constants, internal film resist-
ance and conductivities of the connected materials involved
[218–225]. Therefore, careful consideration regarding appli-
cation specifications is necessary when choosing piezoelectric
materials for sensors.
Tensile sensors for monitoring various kinds of motions
have been researched. Razian et al. developed an in-shoe triaxial
pressure transducer with a piezoelectric polymer, for the diag-
nosis of foot disorders [226]. P(VDF-TrFE)-based sensors can
simultaneously measure the vertical and horizontal shear
forces under the foot with average sensitivities of 20 pC N–1
and 2.2 pC N–1, respectively. Tanaka et al. [227] developed a
haptic finger sensor to evaluate skin conditions using PVDF
film. The variance of the signal and dispersion of power spec-
trum density in frequency domain was translated to give an
index of skin roughness and hardness, respectively. As a
result, relatively reliable agreement was observed between
analysed data and clinical assessment frompeoplewith various
skin disorders. Tanaka et al. [228] also developed a piezoelectricpolymer-based palpation sensor for prostatic cancer and hyper-
trophy detection. Tomeasure the stiffness of the prostate gland,
a PVDF film-based sensor was inserted into the examinee’s
rectum. The results show that data obtained from the sensor
were in good correlation with the doctor’s conventional
examination. Kim et al. [200] explored a piezoelectric poly-
mer-based sensitized microgripper for micro-assembly and
micro-manipulation. The microgripper, incorporating PVDF,
presented reliable force feedback with high sensitivity and
high signal-to-noise ratio at 1 Hz linear load with a resolution
of 39.5 mN V–1. The PVDF-based microgripper sensor can be
used to measure gripping forces of the order of micronewtons.
Piezoelectric polymer materials can be used not only for
stress sensing, but also for other types of sensor applications,
such as heat sensing, since some piezoelectric materials
have pyroelectric properties. Pyroelectric materials have
temperature-dependent dipole moments. As a result, these
materials generate electrical charges on their surfaces in
response to thermal energy [229,230]. Lee et al. developed a
flexible piezoelectric and pyroelectric hybrid device using
P(VDF-TrFE) [231]. This device contained a composite of poly-
dimethyl-siloxane (PDMS) with carbon nanotubes (CNTs) as a
stretchable electrode, and grapheme nanosheets as a tempera-
ture gradient generator. In use, the magnitude of the applied
force and temperature gradient could be found simultaneously
from the magnitude of the output voltage of the hybrid device.
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ing candidates for mechanical force and temperature gradient
sensing. The induced strain from applied force or external
heat can be measured by analysing a voltage or charge
across the piezoelectric material. Piezoelectric polymers,
especially PVDF and its copolymers, are widely employed
in commercial applications due to their wide bandwidth,
fast electromechanical response, high voltage sensitivity,
low acoustic and mechanical impedance, high strength and
high impact resistance. However, some limitations, such as
charge dissipation, should be considered when choosing
suitable materials for sensing applications.Ta
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6:201600264. Concluding remarks and future prospects
We have presented a brief overview of EAPs for sensing by
focusing on the materials used and the relevant sensing mech-
anisms. Themain sensing properties of various EAPs discussed
are summarized in tables 1–3, which should help evaluate
different variants as materials for sensory applications.
Similar to other advanced technologies, EAPs will face
some challenges before wide-scale deployment becomes a
possibility:
(i) EAPs have the potential to be manufactured in various
forms ranging from fibres, to films, to fabrics and strips
[1,10]. EAPs are also being developed in the field of
MEM technology [14,15]. For sensory applications, the
continued implantation of sensor devices based on
EAPs can improve ease of manufacture, mechanical
flexibility and quality of signal output. Nonetheless,
sensors for practical use must reach operational par-
ameters reliably. Standards for both research purposes
andmass-production are yet to be reached: this is prob-
ably due to the diversity of EAPs. There are many
factors to consider, such as geometries, chemical com-
positions of materials, fabrication procedures and
electromechanical coupling properties.
(ii) Maintaining the sensor specificity with appropriate
packaging methods and materials is a major issue (par-
ticularly for ionic EAPs, as many of them need to work
in moist conditions) [10]. Potential approaches for
packaging or sealing the EAPs to prevent or retard
degeneration are still in development [1,235], and
have yet to meet industrial requirements.
(iii) Methods for the conveyance of sensory information
from sensors to other recipients has yet to be devel-
oped, particularly for biomedical applications
[236,237]. Recent efforts [238–240] have been made
to develop EAPs that are compatible with neuron
interfaces. There is hope that the neuron system can
be used for communicating sensory information
from EAP-based sensors.
Nonetheless, EAPs are attractive materials that will play a
significant role in sensor-related technologies in the near
future. There can be no doubt that inspiring stories about
research and commercialization related to EAP sensors will
continue.
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Table 3. Summary comparing the pros and cons of the major EAPs discussed in this review.
EAPs for sensing
pros cons
ionic EAPs
conducting
polymers
chemical stability, miniaturization, facile fabrication process,
low-cost, low-weight, biocompatibility, soft, multiformable
(sheet, film, tubular, trilayer), response to mechanical,
electrical, chemical and thermal stimulation
insufficient adhesion onto substrate, fragile upon
mechanical and thermal loading
ionic polymer–
metal composites
low-weight, biocompatibility, miniaturization, soft, large
produced voltage signal, sensitive to large bending
deformation, ability to work in wet environments
hysteresis, sensitive to moisture and temperature during
operation, operation limited to low temperature due
to liquid electrolyte, slow response
carbon nanotubes high surface area to volume, high sensitivity, miniaturization,
directional mechanical and electrical properties
expensive, slow response, difficult to control intrinsic
properties during fabrication
electronic EAPs
dielectric
elastomers
large sensing range, low-cost, light-weight, stability in many
working cycles, and capability as self-sensing actuators
defect-sensitive, rare for stress measurement, not
sensitive to compression in normal direction, may be
affected by temperature
liquid-crystal
elastomers
potential for high strain changes, potential high sensitivity
to strain
complex and expensive synthesis and processing of the
materials
piezoelectric
polymers
wide bandwidth, fast electromechanical response, relatively
low-power requirements, high generative forces
relatively low output performance originating from
charge dissipation. Some materials need to be
stretched and poled to gain higher output
Table 2. Materials selection guide for electronic EAPs.
type of EAPs
typical
stimuli
sensed
typical sensing
range
typical working
frequency/response
time
typical signal
readout notes references
dielectric
elastomers
strain strain: 300% ,50 Hz (potential
higher sensing
frequency than the
current value)
0–300 nF used mainly for
sensing mechanical
strain,
commercially
established
[134,147,233]
liquid-crystal
elastomers
compression compressive strain
.0.6
10 Hz 10–40 mV only a few studies
have been reported
so far
[172,180,181]
bending displacement of a
few millimetre
0.3–9 Hz 50 nC m21
piezoelectric
polymers
pressure ,150 MPa 0.001–109 Hz 0.013 V N21 signal attenuates
when measuring
static force
[234]
heat 20–1808C n.a.  8 V/8K n.a.
rsfs.royalsocietypublishing.org
Interface
Focus
6:20160026
13
 on August 11, 2017http://rsfs.royalsocietypublishing.org/Downloaded from supervised the review construction. M.F. and T.W. reviewed the ionic
EAPs part; Y.S.C., I.T.L., J.E.M. and N.M.T. contributed the electronic
EAPs part. All authors gave final approval for publication.
Competing interests. We have no competing interests.
Funding. S.K.S., T.W., I.T.L., J.E.M. and N.M.T. acknowledge funding
through the European Research Council (ERC) grant EMATTER(grant no.: 280078). J.D.W.M. and M.F. acknowledge funding through
a Discovery Grant from the Natural Sciences and Engineering Research
Council of Canada (NSERC). S.K.N. and Y.S.C. acknowledge funding
through an ERC Starting Grant (grant no.: ERC-2014-STG-639526,
NANOGEN). T.W. acknowledges scholarship funding from the China
Scholarship Council (CSC) and support from the Engineering and
14
 on August 11, 2017http://rsfs.royalsocietypublishing.org/Downloaded from Physical Sciences Research Council of the UK (EPSRC) Centre for Doc-
toral Training in Sensor Technologies and Applications (grant no.:EP/L015889/1). Y.S.C. acknowledges studentship funding from the
Cambridge Commonwealth, European & International Trust.rsfs.royalsociReferences etypublishing.org
Interface
Focus
6:201600261. Bar-Cohen Y (ed.). 2004 Electroactive polymer (EAP)
actuators as artificial muscles. Reality, potential, and
challenges. Washington, DC: SPIE PRESS.
2. Carpi F, Smela E (eds). 2009 Biomedical applications
of electroactive polymer actuators. Chippenham, UK:
John Wiley & Sons, Ltd.
3. Bharti V, Bar-Cohen Y, Cheng Z-Y, Zhang Q, Madden
J (eds). 2006 Electroresponsive polymers and their
applications. Boston, MA: MRS.
4. Roentgen WC. 1880 About the changes in shape
and volume of dielectrics caused by electricity.
Annu. Phys. Chem. 11, 771–786. (doi:10.1002/
andp.18802471304)
5. Sacerdote MP. 1899 On the electrical deformation
of isotropic dielectric solids. J. Phys. 3 Series,
282–285.
6. Brochu P, Pei Q. 2010 Advances in dielectric
elastomers for actuators and artificial muscles.
Macromol. Rapid Commun. 31, 10–36. (doi:10.
1002/marc.200900425)
7. Rivera RAI, Sanches JMA, Galloway KC,
Katzenberg HS, Kothari R, Arthur JV. 2010 Dielectric
elastomer fiber transducers. Patent no. US 7834527
B2.
8. Bar-Cohen Y. 2004 EAP as artificial muscles: progress
and challenges. In Proc. SPIE 5385, Smart structures
and materials 2004: electroactive polymer actuators
and devices (EAPAD), 27 July, 10. San Diego, CA:
SPIE. (doi:10.1117/12.538698)
9. Carpi F, De Rossi D. 2005 Electroactive polymer-
based devices for e-textiles in biomedicine. IEEE
Trans. Inf. Technol. Biomed. 9, 295–318. (doi:10.
1109/TITB.2005.854514)
10. Biddiss E, Chau T. 2006 Electroactive polymeric
sensors in hand prostheses: bending response
of an ionic polymer metal composite. Med. Eng.
Phys. 28, 568–578. (doi:10.1016/j.medengphy.
2005.09.009)
11. Jean-Mistral C, Basrour S, Chaillout J-J. 2010
Comparison of electroactive polymers for
energy scavenging applications. Smart Mater.
Struct. 19, 085012. (doi:10.1088/0964-1726/19/8/
085012)
12. Keshavarzi A, Shahinpoor M, Kim KJ, Lantz JW.
1999 Blood pressure, pulse rate, and rhythm
measurement using ionic polymer-metal composite
sensors. In Smart structures and materials (ed.
Y Bar-Cohen), pp. 369–376. Newport Beach, CA:
SPIE.
13. Riley PJ, Wallace GG. 1991 Intelligent chemical
systems based on conductive electroactive polymers.
J. Intell. Mater. Syst. Struct. 2, 228–238. (doi:10.
1177/1045389X9100200207)
14. Shahinpoor M. 2001 Potential applications of
electroactive polymer sensors and actuators in MEMS
technologies. In Smart materials (eds AR Wilson, HAsanuma), pp. 203–214. SPIE. (doi:10.1117/12.
424408)
15. Kornbluh RD, Pelrine R, Prahlad H, Heydt R. 2004
Electroactive polymers: an emerging technology for
MEMS. In MEMS/MOEMS components and their
applications (eds SW Janson, AK Henning),
pp. 13–27. San Jose, CA: SPIE.
16. Baughman RH. 1996 Conducting polymer artificial
muscles. Synth. Met. 78, 339–353. (doi:10.1016/
0379-6779(96)80158-5)
17. Otero TF, Lopez-Cascales J, Vazquez G, Corte´s MT,
Borgmann H. 2004 Artificial muscles with tactile
sensing. Adv. Mater. 15, 348–351.
18. Shahinpoor M, Bar-Cohen Y, Simpson JO, Smith J.
1998 Ionic polymer–metal composites (IPMCs) as
biomimetic sensors, actuators and artificial
muscles—a review. Smart Mater. Struct. 7, R15–
R30. (doi:10.1088/0964-1726/7/6/001)
19. De Luca V, Digiamberardino P, Di Pasquale G, Graziani
S, Pollicino A, Umana E, Xibilia MG. 2013 Ionic
electroactive polymer metal composites: fabricating,
modeling, and applications of postsilicon smart
devices. J. Polym. Sci. Part B Polym. Phys. 51,
699–734. (doi:10.1002/polb.23255)
20. Pelrine R, Kornbluh R, Pei Q, Joseph J. 2000 High-
speed electrically actuated elastomers with strain
greater than 100%. Science 287, 836–839. (doi:10.
1126/science.287.5454.836)
21. Carpi F et al. 2015 Standards for dielectric elastomer
transducers. Smart Mater. Struct. 24, 105025.
(doi:10.1088/0964-1726/24/10/105025)
22. Zhang QM, Bharti VXZ. 1998 Giant electrostriction
and relaxor ferroelectric behavior in electron-
irradiated Poly(vinylidene fluoride-trifluoroethylene)
copolymer. Science 280, 2101–2104. (doi:10.1126/
science.280.5372.2101)
23. Lehmann W, Skupin H, Tolksdorf C, Gebhard E,
Zentel R, Kru¨ger P, Lo¨sche M, Kremer F. 2001 Giant
lateral electrostriction in ferroelectric liquid-
crystalline elastomers. Nature 410, 447–450.
(doi:10.1038/35068522)
24. Ji Y, Marshall JE, Terentjev EM. 2012 Nanoparticle-
liquid crystalline elastomer composites. Polymers 4,
316–340. (doi:10.3390/polym4010316)
25. Nalwa HS (ed.). 1995 Ferroelectric polymers:
chemistry, physics, and applications. New York, NY:
Marcel Dekker, Inc.
26. Baughman RH et al. 1999 Carbon nanotube
actuators. Science 284, 1340–1344. (doi:10.1126/
science.284.5418.1340)
27. Carpi F. 2010 Electromechanically active
polymers. Polym. Int. 59, 277–278. (doi:10.
1002/pi.2790)
28. Zhang X, Li W, Wen W, Wu Y, Wallace G. 2009
Development of electrorheological chip and
conducting polymer-based sensor. Front. Mech.Eng. China 4, 393–396. (doi:10.1007/s11465-009-
0043-8)
29. Takashima W, Uesugi T, Fukui M, Kaneko M, Kaneto
K. 1997 Mechanochemoelectrical effect of
polyaniline film. Synth. Met. 85, 1395–1396.
(doi:10.1016/S0379-6779(97)80289-5)
30. Shoa T, Madden JDW, Mirfakhrai T, Alici G, Spinks
GM, Wallace GG. 2010 Electromechanical coupling in
polypyrrole sensors and actuators. Sensors Actuators,
A Phys. 161, 127–133. (doi:10.1016/j.sna.2010.
04.024)
31. Wu Y, Alici G, Madden JDW, Spinks GM, Wallace GG.
2007 Soft mechanical sensors through reverse
actuation in polypyrrole. Adv. Funct. Mater. 17,
3216–3222. (doi:10.1002/adfm.200700060)
32. Madden JDW. 2000 Conducting polymer actuators.
PhD thesis, Massachusetts Institute of Technology,
USA.
33. Stoppa M, Chiolerio A. 2014 Wearable electronics
and smart textiles: a critical review. Sensors
(Switzerland) 14, 11 957–11 992. (doi:10.3390/
s140711957)
34. Scilingo EP, Lorussi F, Mazzoldi A, De Rossi D. 2003
Strain-sensing fabrics for wearable kinaesthetic-like
systems. IEEE Sens. J. 3, 460–467. (doi:10.1109/
JSEN.2003.815771)
35. Munro BJ, Campbell TE, Wallace GG, Steele JR. 2008
The intelligent knee sleeve: a wearable biofeedback
device. Sensors Actuators B Chem. 131, 541–547.
(doi:10.1016/j.snb.2007.12.041)
36. Carquigny S, Sanchez J-B, Berger F, Lakard B,
Lallemand F. 2009 Ammonia gas sensor based on
electrosynthesized polypyrrole films. Talanta 78,
199–206. (doi:10.1016/j.talanta.2008.10.056)
37. Hanawa T, Kuwabata S, Hashimoto H, Yoneyama H.
1989 Gas sensitivities of electropolymerized
polythiophene films. Synth. Met. 30, 173–181.
(doi:10.1016/0379-6779(89)90787-X)
38. Ratcliffe NM. 1990 Polypyrrole-based sensor
for hydrazine and ammonia. Anal. Chim. Acta
239, 257–262. (doi:10.1016/S0003-2670(00)
83859-3)
39. Al-Mashat L, Tran HD, Wlodarski W, Kaner RB,
Kalantar-zadeh K. 2008 Polypyrrole nanofiber
surface acoustic wave gas sensors. Sensors
Actuators B Chem. 134, 826–831. (doi:10.1016/
j.snb.2008.06.030)
40. Zhao Y, Liu B, Pan L, Yu G. 2013 3D nanostructured
conductive polymer hydrogels for high-performance
electrochemical devices. Energy Environ. Sci. 6,
2856. (doi:10.1039/c3ee40997j)
41. Roget A, Livache T, Billon M. 2001 Reversible
oligonucleotide immobilisation based on
biotinylated polypyrrole film. Anal. Chim.
Acta 449, 45–50. (doi:10.1016/S0003-
2670(01)01339-3)
rsfs.royalsocietypublishing.org
Interface
Focus
6:20160026
15
 on August 11, 2017http://rsfs.royalsocietypublishing.org/Downloaded from 42. Billon M, Livache T, Guillerez S. 2004 Biotin/avidin
system for the generation of fully renewable DNA
sensor based on biotinylated polypyrrole film. Anal.
Chim. Acta 515, 271–277. (doi:10.1016/j.aca.2004.
03.072)
43. Malinauskas A. 2006 Electrochemical sensors based
on conducting polymer—polypyrrole. Electrochem.
Commun. 51, 6025–6037. (doi:10.1016/j.electacta.
2005.11.052)
44. Yamaura M, Hagiwara T, Iwata K. 1988
Enhancement of electrical conductivity of
Polypyrrole film by stretching: counter ion effect.
Synth. Met. 26, 209–224. (doi:10.1016/0379-
6779(88)90238-X)
45. Smela E. 1999 Microfabrication of PPy
microactuators and other conjugated polymer
devices. J. Micromech. Microeng. 9, 1–18.
(doi:10.1088/0960-1317/9/1/001)
46. Wang X, Smela E. 2009 Color and volume change in
PPy(DBS). J. Phys. Chem. C 113, 359–368. (doi:10.
1021/jp802937v)
47. Takashima W, Hayasi K, Kaneto K. 2007 Force
detection with Donnan equilibrium in polypyrrole
film. Electrochem. commun. 9, 2056–2061. (doi:10.
1016/j.elecom.2007.05.019)
48. Festin N, Maziz A, Plesse C, Teyssie´ D, Chevrot C,
Vidal F. 2013 Robust solid polymer electrolyte
for conducting IPN actuators. Smart Mater.
Struct. 22, 104005. (doi:10.1088/0964-1726/22/
10/104005)
49. Giffney T, Xie M, Sartelet M, Aw KC. 2015 Vapor
phase polymerization of PEDOT on silicone rubber as
flexible large strain sensor. AIMS Mater. Sci. 2,
414–424. (doi:10.3934/matersci.2015.4.414)
50. Bhattacharyya D, Howden RM, Borrelli DC, Gleason
KK. 2012 Vapor phase oxidative synthesis of
conjugated polymers and applications. J. Polym. Sci.
Part B Polym. Phys. 50, 1329–1351. (doi:10.1002/
polb.23138)
51. Festin N, Plesse C, Pirim P, Chevrot C, Vidal F. 2014
Electro-active interpenetrating polymer networks
actuators and strain sensors: fabrication, position
control and sensing properties. Sensors Actuators B
Chem. 193, 82–88. (doi:10.1016/j.snb.2013.11.050)
52. Otero TF, Corte´s MT. 2003 A sensing muscle. Sensors
Actuators B Chem. 96, 152–156. (doi:10.1016/
S0925-4005(03)00518-5)
53. Otero TF, Corte´s MT. 2003 Artificial muscles with
tactile sensitivity. Adv. Mater. 15, 279–282.
(doi:10.1002/adma.200390066)
54. Chen Y, Li Y, Wang H, Yang M. 2007 Gas sensitivity
of a composite of multi-walled carbon nanotubes
and polypyrrole prepared by vapor phase
polymerization. Carbon N. Y. 45, 357–363. (doi:10.
1016/j.carbon.2006.09.011)
55. Yang M-Z, Dai C-L, Lu D-H. 2010 Polypyrrole porous
micro humidity sensor integrated with a ring
oscillator circuit on chip. Sensors 10, 10 095–
10 104. (doi:10.3390/s101110095)
56. John S, Alici G, Spinks G, Madden JDW, Wallace G.
2008 Sensor response of polypyrrole trilayer benders
as a function of geometry. In Electroactive polymeractuators and devices (ed. Y Bar-Cohen),
pp. 692721-1–692721-9. San Diego, CA: SPIE.
57. Lu W, Nguyen TA, Wallace GG. 1998 Protein
detection using conducting polymer microarrays.
Electroanalysis 10, 1101–1107. (doi:10.1002/
(SICI)1521-4109(199811)10:16,1101::AID-
ELAN1101.3.0.CO;2-6)
58. Alici G, Spinks GM, Madden JD, Wu Y, Wallace GG.
2008 Response characterization of electroactive
polymers as mechanical sensors. IEEE/ASME Trans.
Mechatron. 13, 187–196. (doi:10.1109/TMECH.
2008.918531)
59. John SW, Alici G, Spinks GM, Madden JD, Wallace
GG. 2009 Towards fully optimized conducting
polymer bending sensors: the effect of geometry.
Smart Mater. Struct. 18, 1–8. (doi:10.1088/0964-
1726/18/8/085007)
60. Alici G, Huynh NN. 2007 Performance quantification of
conducting polymer actuators for real applications: a
microgripping system. IEEE/ASME Trans. Mechatron.
12, 73–84. (doi:10.1109/TMECH.2006.886256)
61. Wu Y, Alici G, Spinks GM, Wallace GG. 2006 Fast
trilayer polypyrrole bending actuators for high
speed applications. Synth. Met. 156, 1017–1022.
(doi:10.1016/j.synthmet.2006.06.022)
62. Maziz A, Plesse C, Soyer C, Chevrot C, Teyssie´ D,
Cattan E, Vidal F. 2014 Demonstrating kHz
frequency actuation for conducting polymer
microactuators. Adv. Funct. Mater. 24, 4851–4859.
(doi:10.1002/adfm.201400373)
63. Festin N, Plesse C, Chevrot C, Teyssie´ D, Josselin L,
Pirim P, Vidal F. 2011 Actuation and sensing
properties of electroactive polymer whiskers.
Procedia Comput. Sci. 7, S4–S7. (doi:10.1016/j.
procs.2012.01.093)
64. Vidal F et al. 2010 Poly(3,4-ethylenedioxythiophene)-
containing semi-interpenetrating polymer networks:
a versatile concept for the design of optical or
mechanical electroactive devices. Polym. Int. 59,
313–320. (doi:10.1002/pi.2772)
65. Khaldi A, Plesse C, Vidal F, Smoukov SK. 2015
Smarter actuator design with complementary and
synergetic functions. Adv. Mater. 27, 4418–4422.
(doi:10.1002/adma.201500209)
66. Price AD, Naguib HE, Amara FB. 2015 Electroactive
polymer actuators for active optical components.
J. Intell. Mater. Syst. Struct. 26, 2556–2564.
(doi:10.1177/1045389X14557505)
67. Zheng W, Razal JM, Whitten PG, Ovalle-Robles R,
Wallace GG, Baughman RH, Spinks GM. 2011
Artificial muscles based on polypyrrole/carbon
nanotube laminates. Adv. Mater. 23, 2966–2970.
(doi:10.1002/adma.201100512)
68. Goujon LJ, Khaldi A, Maziz A, Plesse C, Nguyen
GTM, Aubert PH, Vidal F, Chevrot C, Teyssie´ D. 2011
Flexible solid polymer electrolytes based on nitrile
butadiene rubber/poly(ethylene oxide)
interpenetrating polymer networks containing
either LiTFSI or EMITFSI. Macromolecules 44,
9683–9691. (doi:10.1021/ma201662h)
69. Bahramzadeh Y, Shahinpoor M. 2014 A review
of ionic polymeric soft actuators and sensors.Soft Robot. 1, 38–52. (doi:10.1089/soro.
2013.0006)
70. Kruusama¨e K, Punning A, Aabloo A, Asaka K. 2015
Self-sensing ionic polymer actuators: a review.
Actuators 4, 17–38. (doi:10.3390/act4010017)
71. Vunder V, Punning A, Aabloo A. 2015 Long-term
behavior of ionic electroactive polymer actuators in
variable humidity conditions. In Proc. SPIE 9430,
Electroactive Polymer Actuators and Devices (EAPAD)
(ed. Y Bar-Cohen), p. 94300R. SPIE. (doi:10.1117/12.
2084155)
72. Shahinpoor M, Kim KJ. 2001 Ionic polymer–metal
composites: I. Fundamental. Smart Mater. Struct.
10, 819–833. (doi:10.1088/0964-1726/10/4/327)
73. Nemat-Nasser S. 2002 Micromechanics of actuation
of ionic polymer-metal composites. J. Appl. Phys.
92, 2899–2915. (doi:10.1063/1.1495888)
74. Grodzinsky AJ, Melcher JR. 1976 Electromechanical
transduction with charged polyelectrolyte
membranes. IEEE Trans. Biomed. Eng. BME-23,
421–433. (doi:10.1109/TBME.1976.324600)
75. Sadeghipour K, Salomon R, Neogi S. 1992
Development of a novel electrochemically active
membrane and ‘smart’ material based vibration
sensor/damper. Smart Mater. Struct. 1, 172–179.
(doi:10.1088/0964-1726/1/2/012)
76. Mojarrad M, Shahinpoor M. 1997 Ion-exchange-
metal composite sensor films. Proc. SPIE 3042,
52–60. (doi:10.1117/12.275724)
77. Ferrara L, Shahinpoor M, Kim KJ, Schreyer HB,
Keshavarzi A, Benzel E, Lantz JW. 1999 Use of ionic
polymer-metal composites (IPMCs) as a pressure
transducer in the human spine. Smart Struct. Mater.
1999 Electroact. Polym. Actuators Devices 3669,
394–401. (doi:10.1117/12.349704)
78. Tiwari R, Garcia E. 2011 The state of understanding
of ionic polymer metal composite architecture: a
review. Smart Mater. Struct. 20, 083001. (doi:10.
1088/0964-1726/20/8/083001)
79. Khaldi A, Elliott JA, Smoukov SK. 2014 Electro-
mechanical actuator with muscle memory. J. Mater.
Chem. C 2, 8029–8034. (doi:10.1039/C4TC00904E)
80. Bennett MD, Leo DJ, Wilkes GL, Beyer FL, Pechar
TW. 2006 A model of charge transport and
electromechanical transduction in ionic liquid-
swollen Nafion membranes. Polymer (Guildf ). 47,
6782–6796. (doi:10.1016/j.polymer.2006.07.061)
81. Eisenberg A, Kim JS. 1998 Introduction to ionomers.
New York, NY: Wiley.
82. Tant MR, Mauritz KA, Wilkes GL. 1997 Ionomers:
synthesis, structure, properties and applications.
New York, NY: Springer Netherlands.
83. Zhang Y, Ma C, Dai L. 2007 Electrode preparation
and electro-deformation of ionic polymer-metal
composite (IPMC). In Proc. of the 2nd IEEE Int. Conf.
on Nano/Micro Engineered and Molecular Systems,
IEEE NEMS 2007, pp. 68–71. Bangkok, Thailand:
IEEE. (doi:10.1109/NEMS.2007.352151)
84. Bhandari B, Lee G-Y, Ahn S-H. 2012 A review on IPMC
material as actuators and sensors: fabrications,
characteristics and applications. Int. J. Precis. Eng. Manuf.
13, 141–163. (doi:10.1007/s12541-012-0020-8)
rsfs.royalsocietypublishing.org
Interface
Focus
6:20160026
16
 on August 11, 2017http://rsfs.royalsocietypublishing.org/Downloaded from 85. Oguro K. Osaka National Research Institute.
Preparation Procedure: Ion-Exchange Polymer Metal
Composites (IPMC) Membranes. http://ndeaa.jpl.
nasa.gov/nasa-nde/lommas/eap/IPMC_
PrepProcedure.htm (accessed 31 May 2016).
86. Chung RJ, Chin TS, Chen LC, Hsieh MF. 2007
Preparation of gradually componential metal
electrode on solution-casted Nafion membrane.
Biomol. Eng. 24, 434–437. (doi:10.1016/j.bioeng.
2007.07.003)
87. Johnson T, Amirouche F. 2008 Multiphysics
modeling of an IPMC microfluidic control device.
Microsyst. Technol. 14, 871–879. (doi:10.1007/
s00542-008-0603-6)
88. Bonomo C, Negro CD, Fortuna L, Graziani S.
2003 Characterization of IPMC strip sensorial
properties: preliminary results. In Proc. 2003
Int. Symp. Circuits Syst. 2003. ISCAS ‘03, vol. 4,
IV-816– IV-819. Bangkok, Thailand: IEEE. (doi:10.
1109/ISCAS.2003.1206338)
89. Bar-cohen Y, Bao X, Sherrit S, Lih S. 2002
Characterization of the electromechanical properties
of ionomeric polymer-metal composite (IPMC). In
Proc. of the SPIE Smart Structures and Materials
Symp., EAPAD Conf. San Diego, CA: SPIE. (doi:10.
1117/12.475173)
90. Pugal D, Jung K, Aabloo A, Kim KJ. 2010 Ionic
polymer-metal composite mechanoelectrical
transduction: review and perspectives. Polym. Int.
59, 279–289. (doi:10.1002/pi.2759)
91. Nemat-Nasser S, Li JY. 2000 Electromechanical
response of ionic polymer-metal composites.
J. Appl. Phys. 87, 3321. (doi:10.1063/1.372343)
92. Park I-S, Jung K, Kim D, Kim S-M, Kim KJ. 2008
Physical principles of ionic polymer–metal
composites as electroactive actuators and sensors.
MRS Bull. 33, 190–195. (doi:10.1557/mrs2008.44)
93. Farinholt K, Leo DJ. 2004 Modeling of
electromechanical charge sensing in ionic polymer
transducers. Mech. Mater. 36, 421–433. (doi:10.
1016/S0167-6636(03)00069-3)
94. Punning A, Kruusmaa M, Aabloo A. 2007 Surface
resistance experiments with IPMC sensors and
actuators. Sensors Actuators A Phys. 133, 200–209.
(doi:10.1016/j.sna.2006.03.010)
95. Shen Q, Kim KJ, Wang T. 2014 Electrode of ionic
polymer-metal composite sensors: modeling and
experimental investigation. J. Appl. Phys. 115,
194902. (doi:10.1063/1.4876255)
96. Bahramzadeh Y, Shahinpoor M. 2011 Dynamic
curvature sensing employing ionic-polymer–metal
composite sensors. Smart Mater. Struct. 20, 094011.
(doi:10.1088/0964-1726/20/9/094011)
97. Abdulsadda AT, Xiaobo T. 2011 Underwater source
localization using an IPMC-based artificial lateral
line. In Robot. Autom. (ICRA), 2011 IEEE Int. Conf.,
pp. 2719–2724. Shanghai, China: IEEE. (doi:10.
1109/icra.2011.5980545)
98. Bonomo C, Fortuna L, Giannone P, Graziani S,
Strazzeri S. 2008 A resonant force sensor based on
ionic polymer metal composites. Smart Mater.
Struct. 17, 13. (doi:10.1088/0964-1726/17/01/
015014)99. Ando` B, Bonomo C, Fortuna L, Giannone P,
Graziani S, Sparti L, Strazzeri S. 2008 A bio-
inspired device to detect equilibrium variations
using IPMCs and ferrofluids. Sensors Actuators A
Phys. 144, 242–250. (doi:10.1016/j.sna.2008.
02.005)
100. Nemat-Nasser S, Zamani S, Tor Y. 2006 Effect of
solvents on the chemical and physical properties of
ionic polymer-metal composites. J. Appl. Phys. 99,
1–17. (doi:10.1063/1.2194127)
101. Nemat-Nasser S, Zamani S. 2006 Modeling of
electrochemomechanical response of ionic polymer-
metal composites with various solvents. J. Appl.
Phys. 100, 1–18. (doi:10.1063/1.2221505)
102. Shahinpoor M, Kim KJ, Leo DJ. 2003 Ionic polymer-
metal composites as multifunctional materials.
Polym. Compos. 24, 24–33. (doi:10.1002/pc.10002)
103. Bonomo C, Brunetto P, Fortuna L, Giannone P,
Graziani S, Strazzeri S. 2008 A tactile sensor for
biomedical applications based on IPMCs. IEEE Sens.
J. 8, 1486–1493. (doi:10.1109/JSEN.2008.920723)
104. Park K, Lee B, Kim HM, Choi KS, Hwang G, Byun GS,
Lee HK. 2013 IPMC based biosensor for the
detection of biceps brachii muscle movements.
Int. J. Electrochem. Sci. 8, 4098–4109.
105. Wang Y, Yeow JTW. 2009 A review of carbon
nanotubes-based gas sensors. J. Sensors 2009,
1–24. (doi:10.1155/2009/493904)
106. Mirfakhrai T, Oh JY, Kozlov M, Fang SL, Zhang M,
Baughman RH, Madden JD. 2008 Carbon nanotube
yarns as high load actuators and sensors. Adv. Sci.
Technol. 61, 65–74. (doi:10.4028/www.scientific.
net/AST.61.65)
107. Anas NS. 2011 Carbon nanotube as a basic material
for sensors: a review. In Nanoscience, Engineering
and Technology (ICONSET), pp. 212–218. Chennai,
India: IEEE. (doi:10.1109/ICONSET.2011.6167957)
108. Salehi-khojin A, Khalili-araghi F, Kuroda MA, Lin
KKY, Leburton P, Masel RI. 2011 On the sensing
mechanism in carbon nanotube chemiresistors. ACS
Nano 5, 153–158.
109. Rius FX, Riu J. 2010 Electrochemical sensing
based on carbon nanotubes. Trends Anal. Chem. 29,
939–953. (doi:10.1016/j.trac.2010.06.006)
110. Jacobs CB, Peairs MJ, Venton BJ. 2010 Review:
carbon nanotube based electrochemical sensors for
biomolecules. Anal. Chim. Acta 662, 105–127.
(doi:10.1016/j.aca.2010.01.009)
111. Ahammad AJS, Lee J, Rahman A. 2009
Electrochemical sensors based on carbon nanotubes.
Sensors 9, 2289–2319. (doi:10.3390/s90402289)
112. Yang N, Chen X, Ren T, Zhang P, Yang D. 2015
Carbon nanotube based biosensors. Sensors
Actuators B Chem. 207, 690–715. (doi:10.1016/j.
snb.2014.10.040)
113. Boero C, Olivo J, De Micheli G, Carrara S. 2012 New
approaches for carbon nanotubes-based biosensors
and their application to cell culture monitoring. IEEE
Trans. Biomed. Circuits Syst. 6, 479–485. (doi:10.
1109/TBCAS.2012.2220137)
114. Balasubramanian K, Burghard M. 2006 Biosensors
based on carbon nanotubes. Anal. Bioanal. Chem.
385, 452–468. (doi:10.1007/s00216-006-0314-8)115. Dragan ES. 2014 Design and applications of
interpenetrating polymer network hydrogels: A
review. Chem. Eng. J. 243, 572–590. (doi:10.1016/
j.cej.2014.01.065)
116. Ullah F, Othman MBH, Javed F, Ahmad Z, Akil HM.
2015 Classification, processing and application of
hydrogels: a review. Mater. Sci. Eng. C 57,
414–433. (doi:10.1016/j.msec.2015.07.053)
117. Kuckling D, Richter A, Arndt KF. 2003 Temperature
and pH-dependent swelling behavior of poly(N-
isopropylacrylamide) copolymer hydrogels and their
use in flow control. Macromol. Mater. Eng. 288,
144–151. (doi:10.1002/mame.200390007)
118. Oktar O, Caglar P, Seitz WR. 2005 Chemical
modulation of thermosensitive poly(N-
isopropylacrylamide) microsphere swelling:
a new strategy for chemical sensing. Sensors
Actuators, B Chem. 104, 179–185. (doi:10.1016/j.
snb.2004.04.033)
119. Richter A, Kuckling D, Howitz S, Gehring T, Arndt
KF. 2003 Electronically controllable microvalves
based on smart hydrogels: magnitudes and
potential applications. J. Microelectromechan. Syst.
12, 748–753. (doi:10.1109/JMEMS.2003.817898)
120. Liu X, Zhang X, Cong J, Xu J, Chen K. 2003
Demonstration of etched cladding fiber Bragg
grating-based sensors with hydrogel coating.
Sensors Actuators B Chem. 96, 468–472. (doi:10.
1016/S0925-4005(03)00605-1)
121. Arndt K-F, Kuckling D, Richter A. 2000 Application
of sensitive hydrogels in flow control. Polym. Adv.
Technol. 11, 496–505. (doi:10.1002/1099-1581)
122. Bashir R. 2004 BioMEMS: State-of-the-art in
detection, opportunities and prospects. Adv. Drug
Deliv. Rev. 56, 1565–1586. (doi:10.1016/j.addr.
2004.03.002)
123. S.Wolfbeis O. 2006 Hydrogel sensors and actuators.
Springer series on chemical sensors and biosensors.
Heidelberg: Springer-Verlag.
124. Carpi F, Rossi D, De Kornbluh R, Pelrine R, Sommer-
Larsen P (eds). 2008 Dielectric elastomers as
electromechanical transducers: fundamentals,
materials, devices, models and applications of an
emerging electroactive polymer technology, 1st edn.
Amsterdam, Netherlands: Elsevier Science S.A.
125. Son S, Goulbourne NC. 2010 Dynamic response of
tubular dielectric elastomer transducers. Int. J. Solids
Struct. 47, 2672–2679. (doi:10.1016/j.ijsolstr.2010.
05.019)
126. Zupan M, Ashby MF, Fleck NA. 2002 Actuator
classification and selection—the development of a
database. Adv. Eng. Mater. 4, 933–940. (doi:10.
1002/adem.200290009)
127. Madden JDW, Vandesteeg NA, Anquetil PA, Madden
PGA, Takshi A, Pytel RZ, Lafontaine SR, Wieringa PA,
Hunter IW. 2004 Artificial muscle technology:
physical principles and naval prospects. IEEE
J. Ocean. Eng. 29, 706–728. (doi:10.1109/JOE.
2004.833135)
128. Pelrine R, Kornbluh R, Joseph J, Heydt R, Pei Q,
Chiba S. 2000 High-field deformation of elastomeric
dielectrics for actuators. Mater. Sci. Eng. C 11,
89–100. (doi:10.1016/S0928-4931(00)00128-4)
rsfs.royalsocietypublishing.org
Interface
Focus
6:20160026
17
 on August 11, 2017http://rsfs.royalsocietypublishing.org/Downloaded from 129. Mirfakhrai T, Madden JDW, Baughman RH. 2007
Polymer artificial muscles. Mater. Today 10, 30–38.
(doi:10.1016/S1369-7021(07)70048-2)
130. Bo¨se H, Fuß E, Ehrlich J. 2015 Capacitive sensor
mats for pressure detection with high sensitivity. In
AMA Conf. 2015, pp. 55–60. Nu¨rnberg: AMA
Service GmbH. (doi:10.5162/sensor2015/A2.2)
131. Koh SJA, Zhao X, Suo Z. 2009 Maximal energy that
can be converted by a dielectric elastomer
generator. Appl. Phys. Lett. 94, 262902. (doi:10.
1063/1.3167773)
132. Peirine R et al. 2001 Dielectric elastomers: generator
mode fundamentals and applications. In
Electroactive polymer actuators and devices
(ed. Y Bar-Cohen), pp. 148–156. Newport Beach,
CA: SPIE.
133. Chiba S, Waki M, Kornbluh R, Pelrine R. 2008
Innovative power generators for energy harvesting
using electroactive polymer artificial muscles. In
Electroactive polymer actuators and devices (ed. Y
Bar-Cohen), pp. 692 715–692 719. San Diego, CA:
SPIE. (doi:10.1117/12.778345)
134. Xu D, Michel S, McKay T, O’Brien B, Gisby T,
Anderson I. 2015 Sensing frequency design for
capacitance feedback of dielectric elastomers.
Sensors Actuators A Phys. 232, 195–201. (doi:10.
1016/j.sna.2015.05.010)
135. Xu D, Tairych A, Anderson IA. 2016 Stretch not flex:
programmable rubber keyboard. Smart Mater.
Struct. 25, 015012. (doi:10.1088/0964-1726/25/1/
015012)
136. Xu D, Tairych A, Anderson IA. 2016 Where the
rubber meets the hand: unlocking the sensing
potential of dielectric elastomers. J. Polym. Sci.
Part B Polym. Phys. 54, 465–472. (doi:10.1002/
polb.23926)
137. Aschwanden M, Niederer D, Stemmer A. 2008
Tunable transmission grating based on dielectric
elastomer actuators. Electroact. Polym. Actuators
Devices 6927, 1–12. (doi:10.1117/12.776100)
138. Carpi F, Salaris C, Rossi D. 2007 Folded dielectric
elastomer actuators. Smart Mater. Struct.
16, S300–S305. (doi:10.1088/0964-1726/
16/2/S15)
139. Rosset S, Shea HR. 2013 Flexible and stretchable
electrodes for dielectric elastomer actuators. Appl.
Phys. A Mater. Sci. Process. 110, 281–307. (doi:10.
1007/s00339-012-7402-8)
140. O’Brien BM, Calius EP, Inamura T, Xie SQ, Anderson
IA. 2010 Dielectric elastomer switches for smart
artificial muscles. Appl. Phys. A Mater. Sci. Process.
100, 385–389. (doi:10.1007/s00339-010-5857-z)
141. Yuan W et al. 2008 Fault-tolerant dielectric
elastomer actuators using single-walled carbon
nanotube electrodes. Adv. Mater. 20, 621–625.
(doi:10.1002/adma.200701018)
142. Lin S, Yuk H, Zhang T, Parada GA, Koo H, Yu C, Zhao
X. 2015 Stretchable hydrogel electronics and
devices. Adv. Mater. 1–9. (doi:10.1002/adma.
201504152)
143. Bai Y, Jiang Y, Chen B, Chiang Foo C, Zhou Y, Xiang
F, Zhou J, Wang H, Suo Z. 2014 Cyclic performance
of viscoelastic dielectric elastomers with solidhydrogel electrodes. Appl. Phys. Lett. 104,
2012–2016. (doi:10.1063/1.4865200)
144. Zang J, Cao C, Feng Y, Liu J, Zhao X. 2014
Stretchable and high-performance supercapacitors
with crumpled graphene papers. Sci. Rep. 4, 6492.
(doi:10.1038/srep06492)
145. Lochmatter P, Kovacs G. 2008 Design and
characterization of an active hinge segment based
on soft dielectric EAPs. Sensors Actuators A Phys.
141, 577–587. (doi:10.1016/j.sna.2007.10.029)
146. Fox JW, Goulbourne NC. 2006 A study on the effect
of flexible electrodes and passive layers on the
performance of dielectric elastomer membranes. In
ASME Int. Mechanical Engineering Congress and
Exposition, pp. 425–433. Chicago, IL: ASME.
(doi:10.1115/IMECE2006-15888)
147. Pelrine R, Kornbluh R, Kofod G. 2000 High-strain
actuator materials based on dielectric elastomers.
Adv. Mater. 12, 1223–1225. (doi:10.1002/1521-
4095(200008)12:16,1223::AID-ADMA1223.3.0.
CO;2-2)
148. Araromi O, Poulin A, Rosset S, Favre M, Giazzon M,
Martin-Olmos C, Liley M, Shea H. 2015 Thin-film
dielectric elastomer sensors to measure the
contraction force of smooth muscle cells. In
Electroactive polymer actuators and devices (EAPAD)
(ed. Y Bar-Cohen), p. 94300Z. San Diego, CA: SPIE.
(doi:10.1117/12.2083905)
149. Pei Q, Rosenthal M, Stanford S, Prahlad H, Pelrine
R. 2004 Multiple-degrees-of-freedom
electroelastomer roll actuators. Smart Mater. Struct.
13, N86–N92. (doi:10.1088/0964-1726/13/5/N03)
150. Rosenthal M, Bonwit N, Duncheon C, Heim J. 2007
Applications of dielectric elastomer EPAM sensors. In
Electroactive polymer actuators and devices (ed. Y
Bar-Cohen), pp. 65241F-1–65241F–7. San Diego,
CA: SPIE. (doi:10.1117/12.715084)
151. Gisby TA, Obrien BM, Anderson IA. 2013
Self sensing feedback for dielectric elastomer
actuators. Appl. Phys. Lett. 102, 1–4. (doi:10.1063/
1.4805352)
152. Rosset S, O’Brien BM, Gisby T, Xu D, Shea HR,
Anderson IA. 2013 Self-sensing dielectric elastomer
actuators in closed-loop operation. Smart Mater.
Struct. 22, 104018. (doi:10.1088/0964-1726/22/10/
104018)
153. Gisby TA, O’Brien BM, Xie SQ, Calius EP, Anderson
IA. 2011 Closed loop control of dielectric elastomer
actuators. In Electroactive polymer actuators and
devices (EAPAD) (ed. Y Bar-Cohen), pp. 1–9.
San Diego, CA: SPIE. (doi:10.1117/12.880711)
154. Gisby TA, Xie S, Calius EP, Anderson IA. 2009
Integrated sensing and actuation of muscle-like
actuators. In Electroactive polymer actuators and
devices (EAPAD) (ed. Y Bar-Cohen), pp. 1–12.
San Diego, CA: SPIE. (doi:10.1117/12.815645)
155. Anderson IA, Gisby TA, McKay TG, O’Brien BM, Calius
EP. 2012 Multi-functional dielectric elastomer
artificial muscles for soft and smart machines.
J. Appl. Phys. 112, 1–20. (doi:10.1063/1.4740023)
156. Gisby TA, Xie SQ, Calius EP, Anderson IA. 2010
Leakage current as a predictor of failure in dielectric
elastomer actuators. In Electroactive polymeractuators and devices (EAPAD) (ed. Y Bar-Cohen),
pp. 1–11. Newport Beach, CA: SPIE. (doi:10.1117/
12.847835)
157. Rizzello G, Naso D, York A, Seelecke S. 2015 Self-
sensing in dielectric electro-active polymer actuator
using linear-in-parameters online estimation. In
Mechatronics (ICM), 2015 IEEE Int. Conf., pp. 300–
306. Nagoya, Japan: IEEE. (doi:10.1109/ICMECH.
2015.7083992)
158. Jung K, Kim KJ, Choi HR. 2008 A self-sensing
dielectric elastomer actuator. Sensors Actuators A
Phys. 143, 343–351. (doi:10.1016/j.sna.2007.
10.076)
159. Jung K, Kim KJ, Choi HR. 2008 Self-sensing of
dielectric elastomer actuator. In Electroactive
polymer actuators and devices (EAPAD) (ed. Y Bar-
Cohen), pp. 1–10. San Diego, CA: SPIE. (doi:10.
1117/12.776831)
160. Huu Chuc N, Thuy DV, Park J, Kim D, Koo J, Lee Y,
Nam J-D, Choi HR. 2008 A dielectric elastomer
actuator with self-sensing capability. In Electroactive
polymer actuators and devices (EAPAD) (ed. Y Bar-
Cohen), pp. 1–8. San Diego, CA: SPIE. (doi:10.1117/
12.777900)
161. Toth LA, Goldenberg AAA. 2002 Control System
design for a dielectric elastomer actuator: the
sensory subsystem. In Electroactive polymer
actuators and devices (EAPAD) (ed. Y Bar-Cohen),
pp. 323–334. San Diego, CA: SPIE. (doi:10.1117/12.
475179)
162. Bo¨se H, Fuß E. 2014 02_Novel dielectric elastomer
sensors for compression load detection. In
Electroactive polymer actuators and devices (EAPAD)
(ed. Y Bar-Cohen), pp. 905614-1–13. San Diego,
CA: SPIE. (doi:10.1117/12.2045133)
163. Kim KWJ, Jung K. 2010 Self-sensing dielectric
actuator system. Patent no. US 20100164324 A1.
164. Ni N, Zhang L, Wang Y, Liu F. 2014 High energy
concentration dielectric elastomer micro force sensor.
Patent no. CN 204043823 U.
165. Parker. EAP sensors. http://promo.parker.com/
promotionsite/eap/us/en/home (accessed 31 May
2016).
166. StretchSense Ltd. Smart, soft, stretchable sensors:
how they work. http://stretchsense.com (accessed
31 May 2016).
167. Bo¨se H, Fuß E. 2014 Novel dielectric elastomer
sensors for compression load detection. Proc. SPIE
9056, 905614-1–13. (doi:10.1117/12.2045133)
168. Collings PJ, Hird M. 1997 Introduction to liquid
crystals: chemistry and physics. Boca Raton, FL:
CRC Press.
169. Terentjev EM, Warner M. 2007 Liquid crystal
elastomers. Oxford, UK: Oxford University Press.
170. Ku¨pfer J, Finkelmann H. 1991 Nematic liquid
single crystal elastomers. Makromol. Chem. Rapid
Comm. 12, 717–726. (doi:10.1002/marc.1991.
030121211)
171. Clarke SM, Hotta A, Tajbakhsh AR, Terentjev EM.
2002 Effect of cross-linker geometry on dynamic
mechanical properties of nematic elastomers. Phys.
Rev. E. Stat. Nonlin. Soft Matter Phys. 65, 021804.
(doi:10.1103/PhysRevE.65.021804)
rsfs.royalsocietypublishing.org
Interface
Focus
6:20160026
18
 on August 11, 2017http://rsfs.royalsocietypublishing.org/Downloaded from 172. Meier W, Finkelmann H. 1991 Liquid crystal
elastomers with piezoelectric properties. MRS Bull.
16, 29–31. (doi:10.1557/S0883769400057870)
173. Brand HR. 1989 Electromechanical effects in
cholesteric and chiral smectic liquid-crystalline
elastomers. Die Makromol. Chemie, Rapid Commun.
10, 441–445. (doi:10.1002/marc.1989.030100902)
174. Chambers M, Finkelmann H, Remsˇkar M, Sa´nchez-
Ferrer A, Zalar B, Zˇumer S. 2009 Liquid crystal
elastomer–nanoparticle systems for actuation.
J. Mater. Chem. 19, 1524–1531. (doi:10.1039/
B812423J)
175. Meyer RB, Liebert L, Strzelecki L, Keller P. 1975
Ferroelectric liquid crystals. J. Phys. Lett. 36, 69–71.
(doi:10.1051/jphyslet:0197500360306900)
176. Lagerwall ST, Dahl I. 2011 Ferroelectric liquid
crystals. Mol. Cryst. Liq. Cryst. 114, 151–187.
(doi:10.1080/00268948408071706)
177. Papadopoulos P, Heinze P, Finkelmann H, Kremer F.
2010 Electromechanical properties of smectic C*
liquid crystal elastomers under shear.
Macromolecules 43, 6666–6670. (doi:10.1021/
ma1005028)
178. Na YH, Aburaya Y, Orihara H, Hiraoka K. 2011
Measurement of electrically induced shear strain in
a chiral smectic liquid-crystal elastomer. Phys.
Rev. E. Stat. Nonlin. Soft Matter Phys. 83, 061709.
(doi:10.1103/PhysRevE.83.061709)
179. Huang C, Zhang QM, Ja´kli A. 2003 Nematic
anisotropic liquid-crystal gels—self-assembled
nanocomposites with high electromechanical
response. Adv. Funct. Mater. 13, 525–529. (doi:10.
1002/adfm.200304322)
180. Brehmer M, Zentel R, Wagenblast G, Siemensmeyer
K. 1994 Ferroelectric liquid-crystalline elastomers.
Macromol. Chem. Phys. 195, 1891–1904. (doi:10.
1002/macp.1994.021950601)
181. Harden J, Chambers M, Verduzco R, Luchette P,
Gleeson JT, Sprunt S, Ja´kli A. 2010 Giant
flexoelectricity in bent-core nematic liquid crystal
elastomers. Appl. Phys. Lett. 96, 102907. (doi:10.
1063/1.3358391)
182. Verduzco R et al. 2010 Bent-core liquid crystal
elastomers. J. Mater. Chem. 20, 8488. (doi:10.1039/
c0jm01920h)
183. Meyer RB. 1969 Piezoelectric effects in liquid
crystals. Phys. Rev. Lett. 22, 918–921. (doi:10.1103/
PhysRevLett.22.918)
184. Mohammadi P, Liu LP, Sharma P. 2013 A theory of
flexoelectric membranes and effective properties of
heterogeneous membranes. J. Appl. Mech. 81,
011007. (doi:10.1115/1.4023978)
185. Brand HR, Pleiner H. 1990 Piezoelectricity versus
flexoelectricity and electrostriction in cholesteric and
chiral smectic liquid-crystalline elastomers. Die
Makromol. Chemie, Rapid Commun. 11, 607–612.
(doi:10.1002/marc.1990.030111203)
186. Herzer N, Guneysu H, Davies DJD, Yildirim D,
Vaccaro AR, Broer DJ, Bastiaansen CWM, Schenning
APHJ. 2012 Printable optical sensors based on
H-bonded supramolecular cholesteric liquid crystal
networks. J. Am. Chem. Soc. 134, 7608–7611.
(doi:10.1021/ja301845n)187. Wang ZL. 2006 Piezoelectric nanogenerators
based on zinc oxide nanowire arrays. Science 312,
242–246. (doi:10.1126/science.1124005)
188. Park K-I et al. 2012 Flexible nanocomposite
generator made of BaTiO3 nanoparticles and
graphitic carbons. Adv. Mater. 24, 2999–3004.
(doi:10.1002/adma.201200105)
189. Hu Y, Lin L, Zhang Y, Wang ZL. 2012 Replacing a
battery by a nanogenerator with 20 v output. Adv.
Mater. 24, 110–114. (doi:10.1002/adma.
201103727)
190. Pham TT, Lee KY, Lee J-H, Kim K-H, Shin K-S, Gupta
MK, Kumar B, Kim S-W. 2013 Reliable operation of
a nanogenerator under ultraviolet light via
engineering piezoelectric potential. Energy Environ.
Sci. 6, 841–846. (doi:10.1039/c2ee23980a)
191. Kingon AI, Srinivasan S. 2005 Lead zirconate
titanate thin films directly on copper electrodes
for ferroelectric, dielectric and piezoelectric
applications. Nat. Mater. 4, 233–237. (doi:10.1038/
nmat1334)
192. Wu JM, Xu C, Zhang Y, Wang ZL. 2012 Lead-free
nanogenerator made from single ZnSnO3 microbelt.
ACS Nano 6, 4335–4340. (doi:10.1021/nn300951d)
193. Crossley S, Kar-Narayan S. 2015 Energy harvesting
performance of piezoelectric ceramic and polymer
nanowires. Nanotechnology 26, 344001. (doi:10.
1088/0957-4484/26/34/344001)
194. Crossley S, Whiter RA, Kar-Narayan S. 2014
Polymer-based nanopiezoelectric generators for
energy harvesting applications. Mater. Sci. Technol.
30, 1613–1624. (doi:10.1179/1743284714Y.
0000000605)
195. Lin B, Giurgiutiu V. 2006 Modeling and testing of
PZT and PVDF piezoelectric wafer active sensors.
Smart Mater. Struct. 15, 1085–1093. (doi:10.1088/
0964-1726/15/4/022)
196. Kim KN, Chun J, Kim JW, Lee KY, Park J, Kim S,
Wang ZL, Baik JM, Al KIMET. 2015 Highly
stretchable 2D fabrics for wearable triboelectric
nanogenerator under harsh environments. ACS Nano
9, 6394–6400. (doi:10.1021/acsnano.5b02010)
197. Li C, Wu PM, Shutter LA, Narayan RK. 2010 Dual-
mode operation of flexible piezoelectric polymer
diaphragm for intracranial pressure measurement.
Appl. Phys. Lett. 96, 5–8. (doi:10.1063/1.3299003)
198. Feng GH, Tsai MY. 2010 Acoustic emission sensor
with structure-enhanced sensing mechanism based
on micro-embossed piezoelectric polymer. Sensors
Actuators, A Phys. 162, 100–106. (doi:10.1016/j.
sna.2010.06.019)
199. Murat Koc¸ I, Akc¸a E. 2013 Design of a piezoelectric
based tactile sensor with bio-inspired micro/nano-
pillars. Tribol. Int. 59, 321–331. (doi:10.1016/j.
triboint.2012.06.003)
200. Kim DH, Kim B, Kang H. 2004 Development of a
piezoelectric polymer-based sensorized microgripper
for microassembly and micromanipulation.
Microsyst. Technol. 10, 275–280. (doi:10.1007/
s00542-003-0330-y)
201. Ka¨rki S, Lekkala J, Kuokkanen H, Halttunen J. 2009
Development of a piezoelectric polymer film sensor
for plantar normal and shear stress measurements.Sensors Actuators, A Phys. 154, 57–64. (doi:10.
1016/j.sna.2009.07.010)
202. Chiu YY, Lin WY, Wang HY, Huang SB, Wu MH. 2013
Development of a piezoelectric polyvinylidene
fluoride polymer-based sensor patch for
simultaneous heartbeat and respiration monitoring.
Sensors Actuators A Phys. 189, 328–334. (doi:10.
1016/j.sna.2012.10.021)
203. Li C, Wu PM, Lee S, Gorton A, Schulz MJ, Ahn CH.
2008 Flexible dome and bump shape piezoelectric
tactile sensors using PVDF-TrFE copolymer.
J. Microelectromechan. Syst. 17, 334–341. (doi:10.
1109/JMEMS.2007.911375)
204. Chen X, Shao J, An N, Li X, Tian H, Xu C, Ding Y.
2015 Self-powered flexible pressure sensors with
vertically well-aligned piezoelectric nanowire arrays
for monitoring vital signs. J. Mater. Chem. C 3,
11 806–11 814. (doi:10.1039/C5TC02173A)
205. Maita F et al. 2015 Ultraflexible tactile piezoelectric
sensor based on low-temperature polycrystalline
silicon thin-film transistor technology. IEEE Sens.
J. 15, 3819–3826. (doi:10.1109/JSEN.2015.
2399531)
206. Chang W-Y, Chu C-H, Lin Y-C. 2008 A flexible
piezoelectric sensor for microfluidic applications
using polyvinylidene fluoride. IEEE Sens. J. 8,
495–500. (doi:10.1109/JSEN.2008.918749)
207. Whiter RA, Narayan V, Kar-Narayan S. 2014 A
scalable nanogenerator based on self-poled
piezoelectric polymer nanowires with high energy
conversion efficiency. Adv. Energy Mater. 4,
1400519. (doi:10.1002/aenm.201400519)
208. Bauer F. 2010 Relaxor fluorinated polymers: novel
applications and recent developments. IEEE Trans.
Dielectr. Electr. Insul. 17, 1106–1112. (doi:10.1109/
TDEI.2010.5539681)
209. Kim KN, Chun J, Chae SA, Ahn CW, Kim IW, Kim
S-W, Wang ZL, Baik JM. 2015 Silk fibroin-based
biodegradable piezoelectric composite
nanogenerators using lead-free ferroelectric
nanoparticles. Nano Energy 14, 87–94. (doi:10.
1016/j.nanoen.2015.01.004)
210. Lee J-H, Yoon H-J, Kim TY, Gupta MK, Lee JH,
Seung W, Ryu H, Kim S-W. 2015 Micropatterned
P(VDF-TrFE) film-based piezoelectric nanogenerators
for highly sensitive self-powered pressure sensors.
Adv. Funct. Mater. 25, 3203–3209. (doi:10.1002/
adfm.201500856)
211. Choi YS et al. 2013 Control of current hysteresis of
networked single-walled carbon nanotube
transistors by a ferroelectric polymer gate insulator.
Adv. Funct. Mater. 23, 1120–1128. (doi:10.1002/
adfm.201201170)
212. Lei K-F, Hsieh Y-Z, Chiu Y-Y, Wu M-H. 2015 The
structure design of piezoelectric poly(vinylidene
fluoride) (PVDF) polymer-based sensor patch for the
respiration monitoring under dynamic walking
conditions. Sensors 15, 18 801–18 812. (doi:10.
3390/s150818801)
213. Tajitsu Y. 2015 Sensing complicated motion of
human body using piezoelectric chiral polymer
fiber. Ferroelectrics 480, 32–38. (doi:10.1080/
00150193.2015.1012410)
rsfs.royalsocietypublishing.org
Interface
Focus
6:20160026
19
 on August 11, 2017http://rsfs.royalsocietypublishing.org/Downloaded from 214. Seminara L, Capurro M, Cirillo P, Cannata G, Valle
M. 2011 Electromechanical characterization of
piezoelectric PVDF polymer films for tactile sensors
in robotics applications. Sensors Actuators A Phys.
169, 49–58. (doi:10.1016/j.sna.2011.05.004)
215. Chu B, Zhou X, Ren K, Neese B, Lin M, Wang Q, Bauer F,
Zhang QM. 2006 A dielectric polymer with high electric
energy density and fast discharge speed. Science 313,
334–336. (doi:10.1126/science.1127798)
216. Ramadan KS, Sameoto D, Evoy S. 2014 A review
of piezoelectric polymers as functional materials
for electromechanical transducers. Smart Mater.
Struct. 23, 033001. (doi:10.1088/0964-1726/23/3/
033001)
217. Piezotech. 2013 PVDF and PVDF-TrFE Sensors.
http://www.piezotech.fr/fr/2-products-piezoelectric-
polymers/news/news-37-pvdf-and-pvdf-trfe-
sensors.html (accessed 31 May 2016).
218. Tiwana MI, Redmond SJ, Lovell NH. 2012 A review
of tactile sensing technologies with applications in
biomedical engineering. Sensors Actuators, A Phys.
179, 17–31. (doi:10.1016/j.sna.2012.02.051)
219. Piezotech. Piezoelectric films technical information.
http://www.piezotech.fr/image/documents/22-31-
32-33-piezotech-piezoelectric-films-leaflet.pdf
(accessed 31 May 2016).
220. Ka¨rki S, Lekkala J. 2012 A lumped-parameter
transducer model for piezoelectric and ferroelectret
polymers. Meas. J. Int. Meas. Confed. 45, 453–458.
(doi:10.1016/j.measurement.2011.10.029)
221. Sorichetti PA, Santiago GD. 2014 Modeling thin-
film piezoelectric polymer ultrasonic sensors. Rev.
Sci. Instrum. 85, 115005, 1–7. (doi:10.1063/1.
4901966)
222. Di C, Xue S, Tong J, Shi X. 2014 Study on
electromechanical characterization of piezoelectric
polymer PVDF in low-frequency band. J. Mater. Sci.
Mater. Electron. 25, 4735–4742. (doi:10.1007/
s10854-014-2225-3)
223. Gonza´lez A, Garcı´a A´, Benavente-Peces C, Pardo L.
2016 Revisiting the characterization of the losses inpiezoelectric materials from impedance spectroscopy
at resonance. Materials 9, 72. (doi:10.3390/
ma9020072)
224. Rajala S, Mettanen M, Tuukkanen S. 2015 Structural
and electrical characterization of solution-processed
electrodes for piezoelectric polymer film sensors.
IEEE Sens. J. 16, 1692–1699. (doi:10.1109/JSEN.
2015.2504956)
225. Marques SM, Rico P, Carvalho I, Go´mez Ribelles JL,
Fialho L, Lanceros-Me´ndez S, Henriques M, Carvalho
S. 2016 MC3T3-E1 cell response to Ti1 – x Agx and
Ag-TiNx electrodes deposited on piezoelectric
Poly(vinylidene fluoride) substrates for sensor
applications. ACS Appl. Mater. Interfaces 8, 4199–
4207. (doi:10.1021/acsami.5b11922)
226. Razian MA, Pepper MG. 2003 Design, development, and
characteristics of an in-shoe triaxial pressure
measurement transducer utilizing a single element of
piezoelectric copolymer film. IEEE Trans. Neural Syst.
Rehabil. Eng. 11, 288–293. (doi:10.1109/TNSRE.2003.
818185)
227. Tanaka M, Le´veˆque JL, Tagami H, Kikuchi K, Chonan
S. 2003 The ‘Haptic Finger’- a new device for
monitoring skin condition. Skin Res. Technol. 9,
131–136. (doi:10.1034/j.1600-0846.2003.00031.x)
228. Tanaka M, Furubayashi M, Tanahashi Y, Chonan S.
2000 Development of an active palpation sensor for
detecting prostatic cancer and hypertrophy.
Mechatronics, 878. (doi:10.1117/12.420885)
229. Castro HF, Lanceros-Me´ndez S, Rocha JG. 2006
Separation of the pyro- and piezoelectric response
of electroactive polymers for sensor applications.
Mater. Sci. Forum 514–516, 202–206. (doi:10.
4028/www.scientific.net/MSF.514-516.202)
230. Frubing P, Kremmer A, Neumann W, Guy IL. 2004
Dielectric relaxation in piezo-, pyro- and ferroelectric
polyamide 11. IEEE Trans. Dielectr. Electr. Insul. 11,
271–279. (doi:10.1109/TDEI.2004.1285897)
231. Lee JH et al. 2014 Highly stretchable piezoelectric-
pyroelectric hybrid nanogenerator. Adv. Mater. 26,
765–769. (doi:10.1002/adma.201303570)232. Ferrara L, Shahinpoor M, Kim KJ, Schreyer B,
Keshavarzi A, Benzel E, Lantz J. 1999 Use of ionic
polymer-metal composites (IPMCs) as a pressure
transducer in the human spine. In Electroactive
polymer actuators and devices (ed. Y Bar-Cohen),
pp. 394–401. Newport Beach, CA: SPIE.
233. Maffli L, Rosset S, Ghilardi M, Carpi F, Shea H. 2015
Ultrafast all-polymer electrically tunable silicone
lenses. Adv. Funct. Mater. 25, 1656–1665. (doi:10.
1002/adfm.201403942)
234. Measurement Specialties Inc. 1999 Piezo film
sensors technical manual. https://
www.sparkfun.com/datasheets/Sensors/Flex/MSI-
techman.pdf (accessed 31 May 2016).
235. Madden JD, Cush RA, Kanigan TS, Brenan CJ, Hunter
IW. 1999 Encapsulated polypyrrole actuators. Synth.
Met. 105, 61–64. (doi:10.1016/S0379-
6779(99)00034-X)
236. Otero TF, Cantero I, Villanueva S. 1999 EAP as
multifunctional and biomimetic materials. In
Electroactive polymer actuators and devices (ed. Y
Bar-cohen), pp. 26–34. Newport Beach, CA: SPIE.
237. Liu J et al. 2015 Syringe-injectable electronics. Nat.
Nanotechnol. 10, 629–636. (doi:10.1038/nnano.
2015.115)
238. Balint R, Cassidy NJ, Cartmell SH. 2014 Conductive
polymers: towards a smart biomaterial for tissue
engineering. Acta Biomater. 10, 2341–2353.
(doi:10.1016/j.actbio.2014.02.015)
239. Zhu B, Luo S-C, Zhao H, Lin H-A, Sekine J,
Nakao A, Chen C, Yamashita Y, Yu H-H. 2014
Large enhancement in neurite outgrowth
on a cell membrane-mimicking conducting
polymer. Nat. Commun. 5, 4523. (doi:10.1038/
ncomms5523)
240. Cullen DK, Patel AR, Doorish JF, Smith DH, Pfister
BJ. 2008 Developing a tissue-engineered neural-
electrical relay using encapsulated neuronal
constructs on conducting polymer fibers.
J. Neural Eng. 5, 374–384. (doi:10.1088/1741-
2560/5/4/002)
